Louisiana State University

LSU Digital Commons
LSU Doctoral Dissertations

Graduate School

2008

Isolation and Characterization of Two siamese Phenotypic
Modifiers and Their Role in Endoreplication and Trichome
Development
Remmy Wekesa Kasili
Louisiana State University and Agricultural and Mechanical College

Follow this and additional works at: https://digitalcommons.lsu.edu/gradschool_dissertations

Recommended Citation
Kasili, Remmy Wekesa, "Isolation and Characterization of Two siamese Phenotypic Modifiers and Their
Role in Endoreplication and Trichome Development" (2008). LSU Doctoral Dissertations. 868.
https://digitalcommons.lsu.edu/gradschool_dissertations/868

This Dissertation is brought to you for free and open access by the Graduate School at LSU Digital Commons. It
has been accepted for inclusion in LSU Doctoral Dissertations by an authorized graduate school editor of LSU
Digital Commons. For more information, please contactgradetd@lsu.edu.

ISOLATION AND CHARACTERIZATION OF TWO SIAMESE
PHENOTYPIC MODIFIERS AND THEIR ROLE IN
ENDOREPLICATION AND TRICHOME DEVELOPMENT

A Dissertation
Submitted to the Graduate Faculty of the
Louisiana State University and
Agricultural and Mechanical College
in partial fulfillment of the
requirements for the degree of
Doctor of Philosophy
in
The Department of Biological Sciences

by
Remmy Wekesa Kasili
B.Ed (Sc), Kenyatta University, 1990
MSc. Kenyatta University, 1998
December 2008

DEDICATION
This work is dedicated to my parents,
Gallicano and Julian Kassilly
for their sacrifice to ensure that I go to school.

ii

ACKNOWLEDGEMENTS
I give all the glory to the Lord God Almighty for the gift of life and salvation. I
am grateful to my dear wife and friend Anna Nabuyaya for her support and love for the
short time we have been married. I also wish to thank my dad for teaching me how to
speak English and my mum for assuring me of her constant and faithful prayers. I am
grateful to Dr. Fredrick N. Kassilly and Dr. Janet N. Kasilly for their encouragement and
motivation and the rest of my family members for their support throughout my school
life. I would like to thank my mother-in-law Mrs Rose W. Mukhongo for her prayers and
support during my doctoral studies. I am grateful to my Kenyan friends in Baton Rouge
for their company and support. I am particularly indebted to Drs Fulbert and Grace
Namwamba for their wise counsel, hospitality and generosity throughout my life at LSU.
I wish to sincerely thank my mentor Dr. John C. Larkin for his support and
encouragement and other committee members, Dr. James Moroney, Dr. Meredith
Blackwell, Dr. Tom Moore and Dr. Judith Schiebout for their guidance throughout my
graduate school. I thank former Larkin Lab. members Ginger, Matt and Michelle for their
support.
I am grateful to Alice Simmons for all the support she gave me and our student
workers for their good job. I will not forget Margaret C. Henk, Ying Xiao and Matt
Brown for their assistance with microscopy work.
This work was made possible by NSF grants to John C. Larkin.

iii

TABLE OF CONTENTS
DEDICATION……………………………………………………………..……….……..ii
ACKNOWLEDGEMENTS…………………………………………..……….……….…iii
LIST OF TABLES…………………………………………………….…………….....…vi
LIST OF FIGURES………………………………………………….…….….....….…...vii
ABBREVIATIONS………………………………………………………………………ix
ABSTRACT……………………………………………………….….……..……….........x
CHAPTER
1
INTRODUCTION……………………………………………..….….……...............1
1.1 Plant Growth and Development…………………….…...…….…........2
1.2 Arabidopsis thaliana Trichomes Are a Model for
Studying Growth and Differentiation at Cellular Level….……….......4
1.3 The Plant Cell Cycle…………………..…………………....…............5
1.4 Endoreplication Is an Alternate Cell Cycle Variant….…………….…9
1.5 Functions of Endoreplication……...…………………….…....……...10
1.6 Endoreplication Cell Cycle in Plants.………………………..…........12
1.7 Endoreplication and Trichome Cell Differentiation………................14
1.8 The Anaphase Promoting Complex/Cyclosome (APC/C)……...........16
1.9 The APC/C Activators………………………...……………………..18
1.10 The APC/C Substrate Recognition…………………….........….......19
1.11 APC/CCDC20 and the Cell Cycle…………..………………………...21
1.12 APC/CCDH1 and the Cell Cycle…………………..………….……...22
1.13 The Role of the APC/C in Endoreplication……………..….............24
1.14 ENS2 Encodes an Activator of the APC/C………...………..……...25
2

ISOLATION AND CHARACTERIZATION OF ENS2; A GENE THAT
ENCODES AN ACTIVATOR OF THE APC/C…………………………………...26
2.1 Introduction……………………………………………….……….…27
2.2 Materials and Methods…………………………………..…………...31
2.3 Results…………………………………………………….……….…35
2.4 Discussion…………………………………………….……………...52

3

ISOLATION AND CHARACTERIZATION OF ENS1 AND ITS ROLE
IN TRICHOME DEVELOPMENT……………………………….……...………...62
3.1 Introduction…………………………………………………….…....63
3.2 Materials and Methods……………………………………….……...66
3.3 Results…………………………………………………….………....70
3.4 Discussion………………………………………………..………….85

iv

4

GENETIC MODIFIER SCREENS UNRAVEL DEVELOPMENTAL
AND BIOCHEMICAL PATHWAYS…………………………..………….....…...96
4.1 Genetic Modifier Screens Unravel Developmental and
Biochemical Pathways…...…..……………………………...………97

5

CONCLUSIONS…………………..………………………………….…………..102
5.1 Conclusions…….…………………………………………………..103

REFERENCES………………………………………….……………………………...107
VITA…………………………….……………………...……………………………....120

v

LIST OF TABLES
2.1 The ens2 mutation increases multicellularity of sim-1
mutant trichomes……………………….………………………..…………………...37
2.2 Both proGL2:ENS2 and proGL2:CCS52A2 suppress
the sim-1 mutant trichome phenotype………………………………..………….…...43
2.3 Overexpressing ENS2 and CDH1/CCS52A2 increases
trichome branching…………………...……………………….…………………......43
2.4 Induction of ENS2 by ß-estradiol reduces the number
of trichomes per leaf………………………….............................................................52
2.5 A mutation in ENS2 induces multicellular trichomes
in plants overexpressing cell cycle regulators……………………………………….54
3.1 The ens1-1 mutation increases the multicellularity
of sim-1 mutant trichomes………………………………..………………………….71
3.2 Frequencies of trichome initiation sites and trichome
clusters in ens1-1, gl3-1, try-JC and ens1-1; gl3-1,
ens1-1; try-JC double mutants……..……………….………..……………….……...72
3.3 ENS1 is a positive regulator of trichome branching…………………………………79
3.4 Plants overexpressing ENS1 have increased branching……………………………..80
3.5 ENS1 interacts with STI during trichome development……………….……...……..87

vi

LIST OF FIGURES
1.1 Regulation of two the main check points in the cell cycle;
G1 to S and G2 to M…………………..…………………………….……………..….7
1.2 Endoreplication is an alternate version of the mitotic cell cycle……………...….….10
2.1 Identification of a genetic enhancer that increases the number of
of cells in sim multicellular trichomes…………………….………………...……….36
2.2 Mutations in ENS2/AtCCS52A1 but not in AtCCS52A2 result in
reduced endoreplication …………………………………...……….………..…....…38
2.3 Isolation of the ENS2 gene and complementation of the ens2-1
mutation..……………………………………………………………………..….…..39
2.4 Interactions of ens2 with sim are not allele-specific...…...……………….………….41
2.5 ENS2 and CDH1/CCS52A2 suppress sim-1 mutant trichome phenotype…...…..…..42
2.6 Plants overexpressing ENS2 and CDH1/CCS52A2 have
enlarged cells……………………..……………………………………….…….…...45
2.7 Plants overexpressing ENS2 and CDH1/CCS52A2 have
reduced root growth…………………………………………...…..……………..…..46
2.8 Plants overexpressing ENS2 and CDH1/CCS52A2 have
enlarged nuclei……………………………………………………………..…..….…47
2.9 Plants overexpressing ENS2 and CDH1/CCS52A2 undergo
increased endoreplication……………………………………………..…...................48
2.10 Macroscopic phenotypes of Col-0, ens2-1, sim-1 and
transgenic lines containing the inducible proEST:ENS2…………………....………50
2.11 Induction of ENS2 by ß-estradiol produces large
multibranched trichomes as well as patches
of enlarged leaf epidermal pavement cells………………….………….……..….…51
2.12 The ens2-1 mutation induces multicellular trichomes in plants
overexpressing cyclin B1;1, cyclin B1;2, cyclin D4;1 and CDKA;1……..……….53
2.13 A mutation in ENS2 reduces endoreplication in plants
overexpressing cyclin B1;1, cyclin B1;2, cyclin D4;1 and CDKA;1…………...….55

vii

3.1 Identification of a genetic enhancer of sim multicellular trichomes…………………71
3.2 ENS1 encodes a protein of unknown function that regulates
trichome branching………………………………...……………….….……...…......73
3.3 Interactions of ens1 with sim are not allele-specific………………….………...…....74
3.4 Alignment of conceptual translation of ENS1 reading frame
with related proteins……………………………………………..………….....…..…76
3.5 Scanning electron micrographs of mature leaf trichomes of wild-type, ens1-1
and other trichome branch number mutants and double mutants……………............77
3.6 Plants overexpressing ENS1 have increased branching………………..…...…….…80
3.7 Nuclear DNA content analysis of Col-0, ens1-1, sti, and try-JC…………….………84
3.8 ENS1 interacts genetically and physically with STI………………...……..…….…..86
3.9 ENS1 regulates both primary and secondary branching events…………….….…….91
3.10 A model for the role of ENS1 in the regulation of
Arabidopsis trichome branching…………………………………….……..…….....94
4.1 Proposed roes of ENS1 and ENS2 in the regulation of the cell cycle..………...…..101

viii

ABBREVIATIONS
ABRC
APC/C
AtCCS52A1
AtCCS52A2
BiFC
CAK
CDC20
CDH1
CDK
CDKA;1
CRC
CYC
DAPI
DET1
E1
E2
E3
ENS1
ENS2
FZ
FZR
KAN1
KRP1
PKL
PTK
RB
RBR
RFU
RTK
SEM
SEV
SIM
SMC
SOS
TIS
YFP

Arabidopsis resource centre
anaphase promoting complex/cyclosome
Arabidopsis cell cycle switch A1
Arabidopsis cell cycle switch A2
bimolecular fluorescence complementation
CDK activating kinase
CELL DIVISION CYCLE 20
CDC20 HOMOLOG 1
cyclin-dependent kinase
cyclin-dependent kinase A;1
CRABS CLAW
cyclin
4,6-diamidino-2-phenylindole
DEETIOLATED1
ubiquitin activating enzyme
ubiquitin conjugating enzyme
ubiquitin ligase enzyme
ENHANCER OF SIAMESE1
ENHANCER OF SIAMESE2
FIZZY
FIZZY-RELATED
KANDL1
KIP-RELATED PROTEIN1
PICKLE
PROTEIN TYROSINE KINASE
RETINOBLASTOMA
RETINOBLASTOMA-RELATED
relative fluorescent unit
RECEPTOR TYROSINE KINASE
scanning electron microscope
SEVENLESS
SIAMESE
structural maintenance of chromosome
SON OF SEVENLESS
trichome initiation site
yellow fluorescent protein

All gene and mutant names are written in italics. WT-genes are written in capital letters.
Proteins are written in non-italic capital letters.

ix

ABSTRACT
Recessive mutations in the ENS1 gene of Arabidopsis thaliana result in reduced
trichome branching without altering the ploidy level of trichomes. This implies that
ENS1 regulates trichome branching in an endoreplication-independent manner.
Mutations in ENS1 also enhance the multicellularity of sim mutant trichomes indicating
that ENS1 plays a role in the regulation of the cell cycle during trichome cell
differentiation. We have shown that ENS1 is required by the negative regulators of
trichome branching for the trichomes to achieve their supernumerary branching. The
interaction between ens1-1 and try-JC suggests that ENS1 is involved in both primary
and secondary branching events during trichome development.
The ENS1 protein interacts both genetically and physically with the STI protein
and double mutant analysis between ens1-1 and sti mutants revealed that they function in
the same pathway during trichome development. We propose that ENS1 and STI form a
complex that functions to ensure the development of a wild-type trichome phenotype.
The ens2-1 mutations result in trichomes with reduced branching and reduced
endoreplication. The ens2-1mutations also enhance the multicellularity of sim mutant
trichomes. The ENS2 gene encodes an activator of the APC/C, a multisubunit protein
complex that targets proteins for degradation by the 26S proteasome. Overexpression of
ENS2 and its close Arabidopsis homologue AtCCS52A2 results in plants with retarded
growth that have enlarged leaf epidermal pavement cells containing highly
endoreplicated nuclei. These plants also have large multibranched trichomes with highly
endoreplicated nuclei. Both ENS2 and AtCCS52A2 suppress the sim mutant trichome

x

phenotype, suggesting these two genes are functionally similar and function in the same
pathway in the regulation of the endoreplication cell cycle.
The ens2-1 mutation induces multicellular trichomes in plants overexpressing
cell cycle regulators cyclin B1;1, cyclin B1;2, cyclin D4;1 and CDKA;1, indicating
cyclin D4;1 and CDKA;1 may be involved in the regulation of the G2/M as well as the
G1/S phase of the cell cycle.
Our research findings indicate that ENS1 and ENS2 are involved in the regulation
of the cell cycle during trichome development and that the cell cycle and the cell shape
mechanism interact during trichome development to ensure the development of the wildtype trichome architecture.
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CHAPTER 1
INTRODUCTION
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1.1 Plant Growth and Development
Growth and development are two biological phenomena that have intrigued both
animal and plant developmental biologists for a long time. In multicellular organisms, life
begins from a single cell which divides, grows and develops into an adult organism. In
many animals with the exception of earthworms, hydra and a few vertebrates, organs are
typically formed during the embryo stage, and as the young animal grows, these organs
grow and develop in tandem with the animal’s stage of development until they become
fully functional in the adult animal. In many cases, once an organ’s functional life ends,
the animal has to learn to survive with a dysfunctional organ since it can not make new
organs post-embryonically to replace damaged or old dysfunctional ones.
In plants, many developmental processes are postembryonic. Many of the organs
present during the adult life of a plant are not present at its embryo stage. In
dicotyledonous plants for example, an embryo is made up of a pair of cotyledons, a
radicle which becomes the root system and a plumule which becomes the shoot system.
There are neither true leaves nor branches nor reproductive structures in the embryo. In
plants, some organs like leaves are continuously replaced by young ones from the active
apical meristems. Old leaves are shed and new ones formed as the plant grows depending
on the environmental conditions. In the course of evolution, plants appear to have
developed a mechanism to control their biophysical and biomolecular systems which
enable them to initiate and develop new/different organs at different stages of their life
cycle. One good example is a perennial fruit tree, which initiates flowering and fruit set
every flowering season in response to environmental cues. In each flowering season,
some apical meristems switch from vegetative growth to production of reproductive
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organs. In so doing, the biophysical and biomolecular mechanisms that control the
formation of reproductive organs are reactivated. This process involves cell division, cell
enlargement, cell differentiation and new organ formation and is brought about by the
interaction between environmental cues and complex biomolecular signaling pathways
that ensure that every process occurs at the right time to ensure flowering, hence fruit set.
Plants are by nature sessile and so have no means of evading adverse
environmental conditions. Some harsh environmental conditions that slow down or
inhibit cell division are expected to have a negative impact on plant development, but
surprisingly this is not the case. Through evolution, plants have developed a system that
enables them to maintain normal plant form even when cell division is inhibited. Plants
have an elaborate network of communication between receptors of environmental cues
and the cell cycle machinery that ensures normal plant form is maintained even with
changes in the surrounding environment. Cells also communicate among themselves to
maintain organ shape.
Another interesting feature in plants is the activity of the apical meristems. Cells
in the apical mersitem of an oak tree over a hundred years old divide with great fidelity.
They faithfully give rise to new cells, tissues and organs without any noticeable genetic
aberrations. In animals such as man, by the time an individual reaches a hundred years
old, many systems will have started to fail and the cell cycle process is prone to mistakes.
The fact that plants routinely respond to changing environmental conditions by changing
their growth habits and that the apical meristem of a hundred-year old oak tree faithfully
gives rise to new cells, tissues and organs, implies that the cell cycle machinery in plants
may be more tightly regulated than in animals. In light of this flexibility of plant growth
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responses, it is not surprising that plants have more cell cycle genes/regulators than other
known eukaryotes (Vandepoele et al., 2002).
Most plant cells are pluripotent, resulting in the vast developmental plasticity
observed in plants. This is partly because of a well established network between extrinsic
and intrinsic cues and the plant cell cycle machinery. The work described in this
dissertation examines the dynamic coordination of the plant cell cycle with growth and
development, using developing trichomes (shoot epidermal hairs) of Arabidopsis thaliana
as a model.
1.2 Arabidopsis thaliana Trichomes Are a Model for Studying Growth and
Differentiation at Cellular Level
Trichomes are large epidermal cells on the leaves, sepals, petals and stems of
Arabidopsis thaliana. In normal circumstances, trichomes do not occur on hypocotyls,
roots, petals, stamens, carpels or cotyledons (Marks, 1997). Arabidopsis trichomes are
large and readily observed, making it easy to monitor morphological changes that
accompany trichome development. Arabidopsis trichomes have a typical architecture;
they form two to four branches on leaves and are unbranched on stems (Marks, 1997).
Scientists have taken advantage of this unique cell architecture to study development and
cell differentiation in plants.
Arabidopsis trichomes are proposed to protect the plant from herbivorous insects,
water loss through transpiration, and harmful UV radiation (Mauricio and Rausher, 1997;
Fahn, 2002; Traw and Dawson, 2002). However, trichomes are dispensable under
laboratory conditions, as mutants lacking trichomes exhibit normal growth. This has
enabled scientists to manipulate trichome development and differentiation genetically
without affecting other aspects of plant growth and development. Studies done using
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trichomes as a model have contributed a lot to the understanding of plant cell fate
decisions (Larkin et al., 2003), the role of the cytoskeleton in cell expansion (Szymanski,
2005; Smith and Oppenheimer, 2005), cell cycle regulation in plants (Churchman et al.,
2006, Larkin et al., 2007) among many others. Of particular importance is how studies
using trichomes as a model have helped to shed more light on the regulation of the plant
cell cycle during trichome cell differentiation.
1.3 The Plant Cell Cycle
The cell cycle is a prominent research area because the cell cycle is the foundation
for growth and development in all organisms. This is also because of the medical
consequences that result from its deregulation in man i.e. cancer. In principle, the cell
cycle involves four phases; two gap phases (G1 and G2), a synthesis (S) phase where
DNA is replicated and a mitotic (M) phase where the sister chromatids are separated. The
two main check points in the cell cycle that are tightly regulated are the G1 to S and the
G2 to M transitions. Serine /threonine kinases, also known as cyclin-dependent kinases
(CDKs), play a central role in the regulation of these transitions. As the name (CDK)
suggests, their enzymatic activation requires the binding of their respective cyclin (CYC)
partners to form CYC/CDK complexes. The CDKs are in constant supply during the cell
cycle but the expression of their cyclin partners varies in a cyclical fashion in different
phases of the cell cycle. Functional CYC/CDK complexes regulate entry into a specific
phase of the cell cycle by phosphorylating numerous substrates required in that phase.
The Arabidopsis CDK family has 12 members (Vandepoele et al., 2002). The
main types involved in the cell cycle are A-type and B-type CDKs. A-type CDKs
(CDKAs) are most closely related to mammalian CDK1 and CDK2. Plant CDKAs

5

regulate both the G1 to S and G2 to M transitions (Sorell et al., 2001). CDKBs are plant
specific and occur in two groups; CDKB1s are expressed from S through M and CDKB2s
are expressed in G2 and M phases (De Witte and Murray, 2003; Breyne et al., 2002).
CDKC has no known cell cycle function while CDKD and CDKF function as CDK
activating kinases (CAKs) (Ramirez-Parra et al., 2005).
Cyclins together with CDKs ensure that the cell cycle moves in a unidirectional
manner. More than 40 different cyclins have been identified in the Arabidopsis genome
(Vandepoele et al., 2002; Wang et al., 2004). The main ones are; A-type, B-type and Dtype cyclins. The Arabidopsis genome is reported to have 10 A-type, 11 B-type, 10 Dtype and 1 H-type cyclins. Seventeen other cyclins have been identified in the
Arabidopsis genome and are classified as C, P, L, and T (Wang et al., 2004). These latter
cyclins do not appear to function in the cell cycle, though their exact functions remain
unknown.
In the plant cell cycle, CYCD/CDKA;1 complexes primarily control the G1/S
transition although they have been implicated in other phases of the cell cycle as well
(Potuschak and Doerner, 2001). A-type cyclins together with CDKA;1 regulate the G2/M
transitions as well as B-type cyclins and their B-type CDKs (Mironov et al., 1999)
(Figure 1.1). Various studies have revealed that some CYC/CDK complexes play crucial
roles at more than one phase of the cell cycle, indicating the cell cycle has a regulatory
mechanism that enables it to use a particular CYC/CDK complex at different phases. A
few such studies are discussed below.
The main function of CYCD/CDKA;1 complexes at the G1/S transition in plants
is to phosphorylate retinoblastoma (Rb) protein. CYCD contains the LxCxE motif that
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Figure 1.1 Regulation of the two main check points in the cell cycle; G1to S and G2
to M.
interacts with the Rb, allowing the CYCD/CDK complex to phosphorylate Rb (De
Veylder et al., 2003). Retinoblastoma-like proteins bind to E2F/DP complexes to repress
transcription of E2F-regulated genes (Sekine et al., 1999) which are required for entry
into and execution of the S phase and cell cycle progression (Wildwater et al., 2005). The
Rb protein binds to E2F proteins, masking the transactivation region and blocking
transcriptional activity. The phosphorylation of Rb by the CYCD/CDKA:1 results in its
dissociation from the E2F, allowing activation of the various target genes of E2F needed
for S phase entry and cell cycle progression (Gutierrez et al., 2002). Although the
Arabidopsis genome encodes multiple CDKs and CYCs, only one retinoblastoma related
(RBR) protein has so far been identified in Arabidopsis (De Witte and Murray, 2003).
The G2 to M phase is regulated by A-type and B-type cyclins together with their
CDK partners. A-type cyclins are expressed before B-type cyclins at the beginning of S
phase (Ito et al., 1997), where cyclin A functions to maintain replication and prevent
reinitiation of replication. Arabidopsis plants overexpressing CYCA3;2 from tobacco
(GFP-Nicta;CYCA3;2) showed reduced cell differentiation and endoreplication and
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Nicta;CYCA3;2 expression in tobacco was associated with proliferating tissues (Yu et
al., 2003). In plants, major sites of CYCA2;2 expression are the root and shoot apical
meristems (Roudier et al., 2003). CYCA2;3 is expressed during the termination of the
process of endoreplication in trichomes and overexpressing full length CYCA2;3
restrains endoreplication in trichomes while the nondegradable form with a mutant
destruction box enhances the restrain (Imai et al., 2006). Taken together, these findings
indicate that CYCA2;3 is active from S phase where it terminates endoreplication by
preventing firing of the origins of replication to M phase where it is involved in mitotic
cell division while cyclinA3;2 and cyclin A2;2 appear to be involved only at the G2/M
transition.
The G2/M transition is primarily controlled by B-type cyclins. There is evidence
that cyclin B expression is found only in proliferating tissues with increased transcription
at G2 that peaks in early mitosis (Dewitte and Murray, 2003). Ectopic expression of
truncated versions of CYCB1;2 in endoreplicating trichomes forces the G2/M transition
resulting in multicellular trichomes (Schnittger et al., 2002a; Schnittger et al., 2005 ),
indicating that persistent cyclin B could lead to cell division in cells that do not divide
under normal circumstances. Expression of nondegradable cyclin B in tobacco resulted in
plants with asymmetric and blistered leaves, increased ploidy in seedlings and abnormal
mitosis (Weingartner et al., 2004). Expression of nondegradable cyclin B in Arabidopsis
trichomes results in multicellular trichomes that occur in clusters (Schnittger et al.,
2002a).
Though generally D-type cyclins are said to regulate G1 to S phase, they are
known play a role in the G2 to M transitions as well. CYCD4;1 associates with and
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activates CDKB2;1 in vitro (Kono et al., 2003) and ectopic expression of CYCD3;1 in
trichomes promote mitosis as well as the S phase (Schnittger et al., 2002b). There is also
evidence that transcription of some D–type cyclins peak at the G2 to M phase transition
(Menges et al., 2005). D-type cyclins therefore function at both G1/S and G2/M
transitions. CDKA transcript levels have been reported to remain constant throughout the
cell cycle (Sorell et al., 2001), indicating CDKA also regulates both the G1/S and G2/M
transition points (Inzé and De Veylder, 2006). Results from this study provide further
evidence that both CYCD and CDKA;1 play a role in the G2 to M transition as well.
Apart from the normal mitotic cell cycle, plant cells also undergo a modified cell cycle
called endoreplication or endoreduplication (Edgar and Orr-weaver, 2001, Larkins et al.,
2001; Lilly and Duriono, 2005).
1.4 Endoreplication Is an Alternate Cell Cycle Variant
Eukaryotic cells typically maintain the level of their DNA content at 2C, the
diploid state, after every cycle of division. There are however circumstances when the
DNA content of a cell increases above the diploid state, making such a cell to carry more
copies of the genome. This is as a result of the process called endoreplication (Edgar and
Orr-weaver, 2001, Larkins et al., 2001; Lilly and Duriono, 2005). During the
endoreplication cell cycle, the cell goes through G1- S - G2 and back to G1, skipping
mitosis and cytokinesis (Figure 1.2) (Joubes and Chevalier, 2000). Since the DNA
replication in the S phase is not accompanied by mitosis and cytokinesis, the nuclear
DNA content increases with subsequent cycles leading to polyploidy.
Endoreplication occurs in many cell types during differentiation and is a common
phenomenon in both plants and animals. The study of endoreplication is most advanced
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Figure 1.2 Endoreplication is an alternate version of the mitotic cell cycle.
in Drosophila melanogaster (Lilly and Duriono, 2005). According to Edgar and OrrWeaver (2001), endoreplication occurs in many tissues in Drosophila, including the gut,
epidermis, malipighian tubules, fat body, trachea and salivary glands during larval
development and continues after these tissues are fully differentiated. Endoreplication in
mammals takes place in megakaryocytes, which are blood cells that form platelets and in
the trophoblast layer of the placenta (Edgar and Orr-Weaver, 2001).
The endoreplication cell cycle requires oscillations of the G1/S CDK activity to
allow re-licensing of replication origins between each round of DNA replication, while at
the same time inhibiting mitosis by the absence of G2/M phase CDK activity (Vlieghe et
al., 2007; Larkin et al., 2007). Generally in plants, cyclin D regulates G1/S transition and
cyclin B regulates G2/M transition (De Jager et al., 2005), the endoreplication cell cycle
in plants therefore requires the activity of CYCD/CDK and not CYCB/CDK complexes.
1.5 Functions of Endoreplication
The onset of endoreplication coincides with the switch from mitosis to
differentiation and endoreplication occurs in terminally differentiating cells. It is
therefore presumed that endoreplication plays a role in the process of differentiation. This
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case is observed in trichome growth and in fruit and leaf development (Inzé and De
Veylder, 2006). Endoreplication is also associated with enhanced metabolic activity.
Polyploid maize endosperm cells have increased metabolic rates. In this case, it appears
having a high copy number of genes involved in metabolism allows endosperm cells to
synthesize large amounts of starch and proteins (Joubes and Chevailer, 2000; Kondorosi
et al., 2000). Given their sessile life style, plants cannot evade adverse environmental
conditions and so having multiple copies of the genome may allow them to survive DNA
damages caused by harsh environmental factors. A mutation in the uvi4 gene of
Arabidopsis promotes endoreplication which makes the plant resistant to ultraviolet B
light (Hase et al., 2006). Endoreplication does not require re-organization of the
cytoskeleton and therefore may allow faster growth for example in fruits and grains
(Kondorosi and Kondorosi 2004). Here, the cells save energy. The same strategy is
applied by Arabidopsis seedlings grown in darkness. In this case, hypocotyl cells
endoreplicate and elongate about fourfold relying only on food reserves to push the
embryonic shoot into light (John and Qi, 2008).
The general consensus is that the endoreplication cell cycle is an adaptation for
producing larger cells required to perform certain functions in living organisms (Larkins
et al., 2001). The large spiked Arabidopsis trichomes deter herbivorous insects and the
enlarged nodule cells of legumes accommodate Rhizobium bacteria needed for nitrogen
fixation (John and Qi, 2008).
Although this alternate version of the cell cycle may have originated independently
multiple times in response to different selection pressures, it is unlikely that such a
widespread phenomenon in eukaryotes would have risen in the course of evolution if it
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were not useful to organisms. Endoreplication does indeed play an important role in the
development of various tissues and organs in a variety of living organisms.
1.6 Endoreplication Cell Cycle in Plants
Endoreplication occurs in a number of plants, including Arabidopsis thaliana (Boudolf et
al., 2004; Beemster et al., 2005), Lycospersicon esculantum (tomato), (Cheniclet et al.,
2005), Medicago sativa and Medicago truncatula (Kondorosi et al., 2000) and wild
cabbage (Kudo and Kimura, 2001) among many others. In Arabidopsis thaliana,
specialized leaf hairs-trichomes undergo endoreplication during development and these
cells are the most thoroughly studied example of endoreplication in the plant kingdom.
Trichomes undergo 3 to 4 rounds of endoreplication resulting in a mature trichome
nucleus with a DNA content of 16 to 32C (Hülskamp et al., 1994). The switch from the
mitotic cell cycle to the endoreplication cell cycle is an integral part of the developmental
program during trichome cell differentiation.
Regulators of the G1/S phase play a great role in the switch from mitotic cell
cycle to the endoreplication cell cycle. Phosphorylation of retinoblastoma (Rb) by
CYCD/CDK kinase activity dissociates it from E2F transcription factors allowing
activation of various E2F target genes needed for entry into the S-phase (Ramirez-Parra
et al., 2005). E2Fa together with DPa regulate genes involved in DNA synthesis and
replication. Overexpressing E2Fa/DPa induces cell division as well as endoreplication in
leaves, hypocotyls and trichomes and, co-overexpression of E2Fa and DPa promotes
increased expression of many genes involved in DNA replication including DNA
polymerase α, CDT1 and CDC6 (De Veylder et al., 2002). The upregulation of CDT1
and CDC6 in E2Fa/DPa overexpressing plants may be the cause for increased rounds of
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DNA replication. Indeed, overexpressing CDT1 and CDC6 lead to increased
endoreplication in developing leaves and trichomes, increased branching in trichomes
and enlargement of trichome nuclei (Castellano et al., 2004). Though not always the case,
there is at times a correlation between nuclear size, nuclear DNA and branching in
Arabidopsis trichomes (Ishida et al., 2008).
The Arabidopsis genome contains only one retinoblastoma related (RBR) protein.
Loss of function of the Arabidopsis RBR results in increased endoreplication in
trichomes and leaves and increased cell division in mitotically dividing cells (Desvoyes,
et al., 2006). Repression of Rb in tobacco also leads to upregulation of replication origin
protein CDC6 (Park et al., 2005), reinforcing the role of the E2F-Rb in regulating G1/S
transition in the cell cycle and therefore being a major player in the establishment of the
process of endoreplication. Reduction of CDK activity by CDK inhibitors has a negative
effect on endoreplication. Overexpressing the CDK inhibitor ICK1/KRP1 from the
trichome specific GL2 promoter resulted not only in small sized trichomes with reduced
branching and reduced endoreplication, but also leads to trichome cell death (Schnittger
et al., 2003). Overexpression of KRP2 (DeVeylder et al., 2001) resulted in reduced CDK
activity and reduction in endoreplication levels in older leaves. However, overexpression
of the recently identified CYCD/CDK inhibitor-SIAMESE (SIM) results in giant leaf
epidermal cells having enlarged nuclei with increased endoreplication and reduced plant
growth (Churchman et al., 2006), suggesting that different CDK inhibitors affect
endoreplication in different ways. My work is focused on understanding how the process
of endoreplication is established during trichome development.
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1.7 Endoreplication and Trichome Cell Differentiation
Arabidopsis trichome cell differentiation is a product of many processes including
the interaction of the cytoskeleton and the cell cycle. Cells destined to become trichomes
exit mitosis and undergo endoreplication (Hülskamp et al., 1994; Ishida et al., 2008).
Early during the trichome initiation, a cell programmed to become a trichome undergoes
three rounds of endoreplication accompanied by an increase in nuclear and cell size, and
just before initiation of the second branch point, the trichome cell undergoes another
round of endoreplication. At maturity, a trichome cell with its special architecture will on
average, have undergone 4 rounds of endoreplication resulting in a nuclear DNA content
of about 32C (Hülskamp et al., 1994). Cyclin A2;3 is required to end the process of
endoreplication during trichome development. A lack of cyclin A2;3 therefore leads to
trichomes with increased endoreplication and increased branching (Imai et al., 2006).
Constitutive expression of CYCA2;3 restrained endoreplication and expression of
CYCA2;3 with a mutant D-box enhanced the restraint. Endoreplication therefore appears
to be an integral part of the developmental program during trichome cell differentiation.
Trichome branching in Arabidopsis is affected by endoreplication-dependent as
well endoreplication-independent processes. Several mutants have been identified that
affect the number of endoreplication cycles in trichomes. In most of these mutants the
number of endoreplication cycles is positively correlated with the size and number of
branches formed on the trichome (Ishida et al., 2008). Mutations in GLABRA 3 (GL3),
CONSTITUTIVE PATHOGEN RESPONSE 5 (CPR5), ROOT HAIRLESS 2 (RHL2) and
HYPOCOTYL6 (HYP6) result in trichomes with reduced branching and fewer
endoreplication cycles than wild type while mutations in KAKTUS (KAK), SPINDYL
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(SPY), POLYCHOME (PYM), RASTAFARI (RFI) and TRYPTYCHON (TRY) result in
large trichomes with increased branching that undergo more rounds of endoreplication
than wild type (Ishida et al., 2008; Perazza et al., 1999). The gl3-1 mutants have an
average DNA content of 16C, while try, spy and kak mutants have an average DNA
content of 64C (Hülskamp et al., 1994; Perrazza et al., 1999; Ishida et al., 2008). GL3
encodes a bHLH transcription factor and is also involved both in trichome morphogenesis
and patterning (Payne et al., 2000). TRY encodes a single-repeat MYB transcription
factor (Schellman et al., 2002) while SPY encodes a putative O-linked-acetyleglucosamine transferase that is involved in a gibberellic acid (GA) signaling pathway
(Swain et al., 2002). KAK encodes a HECT- class of E3 ubiquitin ligase family,
suggesting that the ubiquitin-mediated proteolysis is involved in the regulation of
endoreplication and trichome branching (Downes et al., 2003; El Refy et al., 2003).
These findings suggest a strong relationship between the cell cycle and trichome cell
differentiation
In contrast, some mutants with reduced branching have the same nuclear DNA
content as wild type trichomes. Mutations in STICHEL (STI), ZWICHEL (ZWI) and
SPIKE1 (SPK1) and ANGUSTIFOLIA (AN) all result in reduced trichome branching but
normal nuclear DNA content, indicating that these genes function in processes affecting
trichome branching independently of endoreplication and cell size. Many of these genes
are involved in processes related to the cytoskeleton. ZWI encodes a kinesin-like
calmodulin binding protein that binds microtubules and moves in a directional manner
(Oppenheimer et al., 1997). STI encodes a protein containing a domain with sequence
similarity to eubacterial DNA-polymerase III γ-subunits (Ilgenfritz et al., 2003). AN
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encodes a C-terminal binding protein/brefeldin A ADP-ribosylated substrates.
(CtBP/BARS) related protein and the AN mutation leads to aberrant microtubule
distribution. AN interacts with ZWI in both yeast two-hybrid system and genetically
(Folkers et al., 2002). SPK1 encodes an adapter protein involved in the integration of
extracellular signals with the cytoskeletal organization (Qiu et al., 2002). Although a
mutation in NOEK (NOK) results in increased branching, it does not affect trichome
nuclear DNA content. NOK encodes a MYB transcription factor.
In this study, we isolated mutants of two genes that fall in the two categories of
branch mutants discussed above. The ens2-1 mutant has reduced endoreplication and
reduced branching while the ens1-1 mutant has the same nuclear DNA content as wild
type trichomes but with a more severely reduced branch defect. The ens2-1 mutant
provides further evidence of a positive correlation between endoreplication cycles and the
size and branching in trichomes while the ens1-1 mutant provides evidence of a link
between the cell cycle and the cytoskeleton especially in sim and try-JC mutant
backgrounds. The work to be presented in chapter two of this dissertation implicates a
regulator of the anaphase promoting complex/cyclosome (APC/C), a ubiquitin-E3 ligase
complex in the control of endoreplication.
1.8 The Anaphase Promoting Complex/Cyclosome (APC/C)
The APC/C is a multisubunit ubiquitin E3- ligase composed of at least 13
conserved protein subunits in eukaryotes (Passmore, 2004; Thornton and Toczyski,
2006). The APC/C targets cell-cycle regulated proteins such as cyclins for degradation by
the 26S proteasome in mitosis and meiosis and is itself regulated by phosphorylation and
by the binding of activators and inhibitors. Highly ordered and regular proteolysis of the
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cell cycle regulatory proteins ensures that that the cell cycle progresses in unidirectional
manner (Vodermaier, 2004). This ordered proteolysis is by the ubiquitin-proteasome
pathway. In this pathway, a protein that is destined for destruction (substrate) undergoes
ubiquitination, where a chain of ubiquitin molecules is attached to it in a multistep
enzymatic process involving three enzymes (Ciechanover et al., 2000), one of the
enzymes being the APC/C.
Substrate ubiquitination has three steps; first, a ubiquitin-activating enzyme “E1”
forms a thioester bond with the C-terminus of ubiquitin (Ub). This reaction allows the
activated ubiquitin to be transferred to the ubiquitin-conjugating enzyme “E2”. The E2
then interacts with the ubiquitin-ligase enzyme “E3” (APC/C) and transfers ubiquitin to
the substrate. This process is repeated several times to attach multiple ubiquitin
molecules to the substrate. Finally, a protein with a polyubiquitin chain is recognized,
unfolded and degraded by a large ATP-dependent multicatalytic complex called the 26S
proteasome (Smalle and Viestra, 2004; Hotton and Callis, 2008).
In Arabidopsis thaliana, more than 1400 genes (~ 5% of the genome) encode
components of the ubiquitin/26S proteasome pathway (Smalle and Vierstra, 2004), with
90% of these genes encoding subunits of the E3 ubiquitin ligases. The E3 ubiquitin
ligases are a large and diverse group of proteins or protein complexes containing either a
HECT domain or a RING domain (Moon et al., 2004). One main difference between the
HECT domain and RING domain E3s is that in HECT domain E3s, ubiquitin is
transferred to an active cysteine residue on the E3 enzyme prior to its transfer to the
ligase-bound substrate while RING domain E3s do not form a covalent intermediate with
ubiquitin (Seol et al., 1999). The two main RING domain E3s are; the APC/C and the
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Skp1-Cullin-F-Box (SCF) (Moon et al., 2004). These two E3s are present in plants and
both contain a cullin protein and a RING-finger protein. The SCF class of E3 ligases is
the most well known in plants. The F-box proteins confer substrate specificity for the
SCF targets which include transcription factors, cell cycle regulators, and factors
involved in development and signal transduction (Itoh et al., 2003). The activity of SCF
ligases mainly controls the transitions from G1 to S and G2 to M during the cell cycle
(Deshares, 1999).
APC/C targets cell-cycle regulated proteins such as cyclins for degradation by the
26S proteasome in mitosis and meiosis and is itself regulated by phosphorylation and by
the binding of activators and inhibitors. These three modes of APC/C regulation alter
substrate specificity at different stages of the cell cycle (Acquaviva and Pines, 2006). In
order to drive the cell through the entire cycle of division, the APC/C must have the
ability to mark different substrates for destruction at different times during the cell
division cycle. This ability is made possible by association of the APC/C with APC/Cactivating proteins that help identify and target the cell cycle regulators for degradation
by the 26S proteasome.
1.9 The APC/C Activators
The timely and precise activity of the APC/C during the cell cycle depends on its
association with two WD40-repeat proteins; CDC20/FIZZY (FZ) and CDH1/FIZZY
RELATED (FZR) that act as its activators (Van Leuken et al., 2008). The binding of
CDC20 and CDH1 to the APC/C is cell cycle regulated and is mediated by a consensus
DR(F/Y)IPR motif called the C-box at the N-terminal region and a C-terminal IR motif
(Acquaviva and Pines, 2006; Van Leuken et al., 2008). Besides the C-box and the IR
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motif, CDH1 proteins also have a CDH1-specific motif (CSM) (YxxLL(K/R)xxLFC) that
is required for APC/C interaction (Tarayre et al., 2004). The activators also contain
WD40 repeats that bind directly to APC/C targets, acting as a bridge between the enzyme
and the substrate. Four subunits of the APC/C contain a 34-residue tetratricopeptide
(TPR) motifs that facilitate interaction with the IR motifs of CDC20 and CDH1
(Acquaviva and Pines, 2006).
The Arabidopsis genome has 6 CDC20-like genes and 3 CDH1-like genes (Fülöp
et al., 2005). The three CDH1-like genes are; cell cycle switch (CCS) 52A1, CCS52A2
and CCS52B. Two of the Arabidopsis CDH1-like genes, AtCDH1/ AtCCS52A1 and
AtCDH1/AtCCS52A2 are discussed in chapter two of this dissertation. The APC/C relies
on its activators like CCS52A1 to recognize its substrates for proteolysis.
1.10 APC/C Substrate Recognition
The APC/C substrates may contain one or more of the several characteristic
degradation/destruction motifs that is/are recognized by the activators. The first
degradation motif was described in cyclin B; this signal called destruction-box (D-box)
(RxxLxxxxN), was required to induce cyclin B degradation. Interestingly, when fused to
a foreign protein, this motif is sufficient to induce a similar proteolytic pattern as that
observed in cyclin B (Castro et al., 2003). The D-box signal has been found in other
APC/C substrates including cyclin A and aurora A (Castro et al., 2003). The D-box plays
a major role in cyclin proteolysis as deletions or point mutations in the D-box are known
to prevent cyclin proteolysis in yeast and plants (Schnittger et al., 2003; Weingartner et
al., 2004, Imai et al., 2006).
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Evidence for the requirement of the D-box for degradation of mitotic cyclins in
Arabidopsis comes from studies involving expression of nondegradable mitotic cyclins.
Weingarter et al. (2004) showed that expression of cyclin B harboring a mutant D-box in
tobacco resulted in plants with asymmetric and blistered leaves, increased ploidy in
seedlings and abnormal mitosis. Schnittger et al. (2002a; 2005) showed that while
expression of full length cyclinB1;2 under the control of the trichome specific GL2
promoter produces wild type trichomes, expression of truncated versions of cyclinB1;2
without the D-box leads to multicellular trichomes. Further evidence for the need of the
D-box is from Imai et al. (2006). This group showed that expression of cyclinA2;3 with a
mutant D-box restrained endoreplication more than full length cyclinA2;3, implying
cyclinA2;3 with a mutant D-box is degraded with less efficiency. It appears that APC/C
substrates with a mutant D-box can escape degradation, reinforcing the requirement for
the D-box in proteolysis of mitotic cyclins.
Both CDC20 and CDH1 also have a conserved cyclin binding RVL motif by
which they recognize D-box proteins (cyclins) as APC/C substrates (Kondorosi and
Kondorosi, 2004). Thus, both APC/C CDC20 and APC/CCDH1 mediate the degradation of
mitotic cyclins though at different time during the cell cycle.
The KEN box (KENxxxE/D/N) (Pfleger and Kirchner, 2000) is present in
CDC20, a substrate of APC//CCDH1. Like the D-box, the KEN box is a transposable motif
inducing proteolysis in foreign proteins. Other degradation signals include the GxEN-box
(Castro et al. 2003), Abox or DAD (for D-box activating domain) found in aurora A that
requires a double degradation motif (Castro et al., 2003), the O-box (Castro et al., 2005)
and may be other yet to be known motifs. While CDC20 appears to interact only with
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proteins having a D-box, CDH1 interacts with proteins having other D-boxes like KEN,
A and O (Castro et al., 2005). There is some evidence that substrate recognition by the
APC/C does not entirely depend on CDC20 and CDH1. In the embryonic Drosophila cell
cycle, degradation of some substrates is regulated even when CDH1 is not expressed
implying that certain subunits of the APC/C may be involved in substrate selection
(Acquaviva and Pines, 2006). CDH1 itself contains two putative D-boxes by which it is
degraded in G1 via auto-activity by APC/CCDH1 and by SCF while CDC20 has a KENbox and it is degraded by APC/CCDH1 (Pesin and Orr-Weaver, 2008).
1.11 APC/CCDC20 and the Cell Cycle
CDC20 is regulated at three levels; transcription, translation and phosphorylation.
It is transcribed and translated in both S and G2 phases but is phosphorylated in a cellcycle phase dependent fashion. Generally, CDC20 activates the APC/C from early
mitosis through the metaphase-anaphase transition. In early mitosis, CDC20 activates the
APC/C for destruction of cyclin A, cyclin B and securin in order to allow chromosomal
segregation in anaphase. In vertebrates, early mitotic inhibitor1 (Emi1) inhibits APC/C
CDC20

, degradation of Emi1 at prophase removes the inhibitory effect on APC/CCDC20

making it active. The APC/CCDC20 is also inhibited by the spindle assembly checkpoint in
prometaphase until all chromosomes are attached to the spindle in a bipolar fashion (Van
Leuken et al., 2008). The checkpoint is removed when chromosomes are properly
attached to the spindle resulting in destruction of cylin B and inactivation of its associated
CDK, triggering mitotic exit.
At the metaphase-anaphase transition, APC/CCDC20 degrades cyclin B and
Securin. Securin inhibits separase, so once it is degraded, separase is free to cleave
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cohesin, allowing sister chromatids to part ways and migrate to opposite poles of the cell.
Some studies have also shown that cyclin B binding to separase without cyclin B/CDK
mediated phosphorylation is sufficient to inhibit separase (Jeganathan et al., 2006).
Cyclin B/CDK phosphorylation activates APC/CCDC20 but inactivates APC/CCDH1, so
cyclinB degradation at anaphase results in a decline in cyclin B/CDK activity allowing
APC/C to bind CDH1. As APC/CCDH1 gets activated, it continues the degradation of
cyclin B and at the exit of mitosis, APC/CCDH1 targets CDC20 for degradation (Prinz et
al., 1998), inactivating it and taking over control of the cell cycle.
1.12 APC/CCDH1 and the Cell Cycle
At the end mitosis in animals, APC/CCDH1 degrades various substrates like aurora
A and B which are involved in chromosome segregation and cytokinesis. The
degradation of cyclin B by APC/CCDH1 at the end of mitosis inactivates its CDK activity,
ensuring a stable G1 phase in which cells grow and prepare for DNA replication in the S
phase. The low CDK activity allows reloading of re-replication complexes onto the
origins of replication where DNA replication is initiated. In humans, the APC/CCDH1
maintains the G1 phase by controlling the activity of ubiquitin ligase SCFskp2. SCFskp2
regulates the activity of CDK inhibitors and helps downregulate CDK activity during G1
to prevent premature S phase (Prinz et al., 1998).
G1/S transition depends on the precise timing of destruction of CDK inhibitors
(CKIs). Although plants have a number of CKIs, which are known to play a key role in
cell cycle regulation particularly at the cell cycle exit and the onset of endoreplication
(Verkest et al., 2005, Churchman et al., 2006), very little is known about their regulation
by proteolysis. The SCF is reported to degrade Arabidopsis E2Fc (Del Pozo et al., 2002),
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indicating an interdependence between SCF and APC/C in controlling cell cycle
progression.
There is evidence that the ubiquitin-proteasome pathway could be involved in the
regulation of replication licensing in plants. Castellano et al. (2001) showed that
Arabidopsis CDC6 could be degraded by plant extracts containing the proteasome
inhibitor MG132. Castellano et al. (2004) also showed that AtCDT1a could be stabilized
in plants when the proteasome activity was blocked. These two results indicate that the
ubiquitin-proteasome pathway could be involved in the regulation of replication licensing
in plants. CDH1 is the main APC/C activator during G1 phase and in early S phase
however its role in the regulation of CDT1 is yet to be known.
The critical role CDH1 plays in the cell cycle comes from studies involving
CDH1 knock-outs. For example, a stable suppression of CDH1 in human cells by RNAi
causes accumulation of APC/CCDH1 substrates like cyclin A, cyclin B, aurora, and pololike kinase1 (plkI) that are known to control equal genetic distribution between daughter
cells. This CDH1 suppression results in premature and prolonged S phase, mitotic delay
and defects in chromosome separation and cytokinesis (Engelbert et al., 2008). Recently,
Garcia-Higuera et al. (2008) have shown that inactivation of CDH1 in mice leads to
embryonic lethality due to placental insufficiency as a result of failure of the placental
trobhoblasts to endoreplicate. The same group also showed that elimination of CDH1
results in genetic defects that are as a result of increased levels of specific S phase and
mitotic regulators and concluded that loss of CDH1 may induce genomic defects during
cell division that can lead to tumor development. From the forgoing, APC/CCDH1dependent proteolysis of cell cycle proteins is important in the regulation of mitosis and
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G1 that ensures genome integrity. By its interaction with a variety of D-boxes (Castro et
al., 2005), CDH1 appears to activate the APC/C both in mitosis and outside the cell cycle
and therefore plays a significant role in the differentiation of various cell types.
1.13 The Role of the APC/C in Endoreplication
The endoreplication cell cycle requires both the upregulation of DNA
synthesis/replication activators and the downregulation of G2/M phase activators. During
this modified cell cycle, CYCB/CDK activity is downregulated to prevent mitosis. The
APC/C plays a role both in the regulation of pre-RC formation and the endoreplication
cell cycle in Drosophila (Sivaprasad et al., 2007). Recent findings from Zielke et al.
(2008) indicate the crucial role of the APC/CCDH1 in Drosophila endoreplication. Using
RNAi to deplete Cdc16, a core component of the APC/C resulted in mitotic arrest in
maginal disc cells and development of smaller salivary glands. Narbonne-Reveau et al.
(2008) also report that depletion of the APC/C activity undermines endoreplication in
larval salivary glands. Earlier on, it was observed that apc2 mutant flies had small
salivary glands with thin polytene chromosomes (Reed and Orr-weaver, 1997). In all
eukaryotes, experimental lowering of cyclin B, the main substrate of the APC/C, is
reported to lead to endoreplication (John and Qi, 2008).
More direct evidence that the APC/C is involved in proteolysis of mitotic cyclins
in the establishment of endoreplication in plants comes from the findings of Cebolla et
al.(1999), Vinardell et al. (2003) and Fülöp et al. (2005). Cebolla et al. (1999) and
Vinardell et al. (2003) showed that reduced expression of the APC/C activator
MtCCS52A1 using RNAi resulted in reduced endoreplication while Fülöp et al. (2005)
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established that overexpression of the two Arabidopsis APC/C activators; AtCCS52A1
and AtCCS52A2 in yeast results in increased endoreplication.
In Arabidopsis, reduced expression of CDK and cyclin B is observed in
endoreplicated trichomes, and epidermal and mesophyll cells of the leaf (Schnittger et al.,
2003; Verkest et al., 2005). Imai et al. (2006) also demonstrated that the APC/C could be
involved in the regulation of endoreplication in trichomes. Overexpression of cyclinA2;3
restrained endoreplication in Arabidopsis and overexpression of cyclin A2;3 with a
mutant D-box enhanced the restrain (Imai et al., 2006). Mitotic cyclins with D-boxes are
the primary substrates of the APC/C mediated destruction pathway. The enhanced
restrain caused by a mutant D-box indicates that cyclinA2;3 is targeted for degradation
via the D-box and could be a substrate of the APC/C- mediated destruction pathway.
1.14 ENS2 Encodes an Activator of APC/C
In this dissertation, I report the isolation and characterization of two novel genes;
enhancer of siamese1 (ENS1) and enhancer of siamese 2 (ENS2). ENS1 plays a critical
role in the regulation of trichome morphogenesis. Results indicate that trichome
branching is linked to the cell cycle and that ENS1 is epistatic to most genes that
negatively regulate trichome branching.
ENS2 encodes a CDH1-like protein, termed Cell Cycle Switch protein CCS52A1
that functions as an activator of the APC/C. ENS2 plays an important role in trichome
cell differentiation by regulating the switch from mitosis to the endoreplication cell cycle
during trichome development. Evidence is presented here that it does this by targeting
mitotic cyclins for degradation.
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CHAPTER 2
ISOLATION AND CHARACTERIZATION OF ENS2; A GENE
THAT ENCODES AN ACTIVATOR OF THE (APC/C)
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2.1 Introduction
Development in both plants and animals is a function of the cell division cycle. In
eukaryotes, development from a single-celled zygote to a mature multicellular organism
requires many rounds of cell division followed by cell expansion, cell differentiation and
organ formation. In each cycle of division, the cell goes through a series of regulated
steps (G1-S-G2-M) that together form the cell cycle. Unlike animal development, which
is often primarily embryonic, development in plants continues postembryonically with
new tissues and organs formed throughout the entire lifespan of the plant. This implies
that in plants, the initiation and progression of cell division, cell expansion, cell
differentiation and organ formation are highly coordinated events. This coordination
occurs via cell cycle regulators that facilitate cross talk among these processes. Among
the most important cell cycle regulators are cyclin-dependent kinases (CDKs), their
respective cyclin (CYC) partners and plant growth hormones (Ramirez-Parra et al.,
2005).
In a typical cell division cycle, DNA replication during S-phase is followed by
mitosis and cytokinesis, and the replicated DNA is shared equally between the two
daughter cells, with each daughter cell receiving 2C, the diploid DNA content. Plant and
animal cells also undergo an alternative form of the cell cycle called endoreplication or
endoreduplication (Edgar and Orr-Weaver, 2001; Larkins et al., 2001). During
endoreplication, the cell undergoes several rounds of DNA replication without mitosis or
cytokinesis, resulting in a cell with DNA content greater than 2C. In animals,
endoreplication occurs in Drosophila larval tissues, mammalian megakaryocytes and
placental trophoblasts, among other instances (Edgar and Orr-Weaver, 2001).
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Endoreplication is widespread in plants, and it occurs in a variety of tissues and cell types
including maize endosperm (Knowles and Phillips, 1985), cotton fibers (Van’t Hof,
1999), and nitrogen fixing nodules of Medicago truncatula (Vinardell et al., 2003).
Although the nuclear DNA content of endoreplicated cells is often correlated with cell
size, this is not always the case (De Veylder et al., 2001; Schnittger et al., 2003).
Proposed functions of endoreplication include promotion of cell growth, increase in gene
expression and radiation resistance among others (Larkins et al., 2001; Edgar and OrrWeaver, 2001; Inzé and De Veylder, 2006).
Endoreplication typically occurs in terminally differentiating cells and the onset
of endoreplication often coincides with the cessation of cell proliferation and the start of
cell differentiation. In animals, the study of endoreplication is most advanced in
Drosophila (Lilly and Duronio, 2005). Endoreplication requires downregulation of
mitotic A-type and B-type cyclins as well as the Drosophila CDC25 homolog string and
other factors that promote mitosis coupled with the upregulation of the APC/C activator
CDH1/fzr, resulting in degradation of mitotic cyclins by the 26S proteasome. Follicle cell
development in the Drosophila ovary is a good example of the developmental regulation
of endoreplication (Schaeffer et al., 2004; Shcherbata et al., 2004), where the Notch
signaling pathway regulates entry into the endo cycle by downregulating CDC25 /string
expression and upregulating CDH1/fzr expression. In plants, the onset of endoreplication
requires downregulation of mitotic cyclins and CDKs (Dewitte and Murray, 2003) and
various reports indicate that CDK inhibitors also play a role in the switch from mitosis to
endoreplication (Schnittger et al., 2003; Verkest et al., 2005; Bisbis et al., 2006)
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The transition from mitosis to endoreplication requires downregulation of mitotic
cyclins. This is facilitated by the APC/C activator proteins that target mitotic cyclins for
degradation by the 26S proteasome. There are two types of APC/C activator proteins;
CDC20/FIZZY (FZ) and CDH1/FIZZY RELATED (FZR). The common consensus is
that CDC20/FZ is active in early mitosis to the metaphase-anaphase transition where it
triggers destruction of mitotic cyclins and entry into anaphase while CDH1/FZR is active
in late mitosis through G1 and is proposed to maintain the G1 phase by preventing
mitotic cyclin synthesis (Baker et al., 2007). In Drosophila, the APC/C is required during
the transition from mitosis to the endo cycle to down regulate mitotic cyclins (Kashevsky
et al., 2002; Zielke et al., 2008). This down regulation of mitotic cyclins is brought about
by the up regulation of CDH1/FZR proteins (Lilly and Duronio, 2005). Plants have many
APC/C activator proteins. The Arabidopsis genome alone contains five CDC20 and three
CDH1/FZR-like genes (Fülöp et al., 2005). The most studied APC/C activators in plants
are the Medicago truncatula (Mt) cell cycle switch protein CCS52A/CDH1 and
CCS52B/CDH1 (Tarayre et al., 2004; Vinardell, et al., 2003). Expression of (Mt)
CCS52A, in Medicago truncatula is correlated to both the degree and the onset of
endoreplication (Cebolla et al., 1999). Arabidopsis CCS52 proteins interact with the
Arabidopsis APC/C and Arabidopsis cyclins in vivo. Overexpression of these proteins in
yeast inhibits cell proliferation and induces cell elongation and enlargement of nuclei
(Fülöp et al., 2005).
One key regulator of the transition from mitosis to endoreplication in plants is the
Arabidopsis SIAMESE (SIM) gene, originally identified on the basis of loss-of-function
mutants having trichomes that undergo mitosis instead of endoreplication (Walker et al.,
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2000). The SIM gene encodes a CDK inhibitor that binds to CYCD/CDK complexes
(Churchman et al., 2006). The sim mutant phenotype was rescued by expression of
ICK1/KRP1, a CDK inhibitor known to bind D-type cyclins (Weinl et al., 2005).
Additional evidence that the SIM protein family functions as CDK inhibitors comes from
the study of the rice EL2 gene. The EL2 gene rescues the sim multicellular trichome
phenotype, binds to D-type cyclins and CDKA;1 and inhibits the kinase activity of
CDKA;1 (Peres et al., 2007). The sim mutation causes misexpression of mitotic cyclin
B1;1 in developing trichomes (Churchman et al., 2006) and sim mutant plants express
cyclin B1;2 transcripts (Schnittger et al., 2002a), suggesting SIM acts upstream of cyclin
B expression to prevent mitosis and promote endoreplication in developing trichomes.
Arabidopsis plants overexpressing SIM have a reduced growth rate, enlarged cells and
increased endoreplication (Churchman et al., 2006), suggesting that SIM regulates the
onset of endoreplication in plants. One interesting observation is that the phenotype of
Arabidopsis plants overexpressing SIM resembles yeast (Mt) CCS52 overexpressor
phenotype (Cebolla et al., 1999).
In a screen for genetic enhancers of the sim-1 mutant trichome phenotype, we
isolated a gene, enhancer of sim 2 (ENS2), which encodes the CCS52A1/CDH1-like
protein and suggests a model for the establishment of endoreplication during trichome
development. Overexpression of the Arabidopsis ENS2 gene suppresses the sim mutant
phenotype and plants overexpressing ENS2 have a reduced growth rate, enlarged cells
and increased endoreplication, a phenocopy of plants overexpressing SIM. Mutations in
ENS2 increase the multicellularity of the sim-1 mutant trichomes and plants
overexpressing full-length cyclin B1;1 in ens2-1 background have multicellular
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trichomes, in contrast to unicellular trichomes found on wild-type plants. Our findings
suggest that ENS2 and SIM function in the same pathway to regulate the onset of
endoreplication in Arabidopsis and that ENS2 targets mitotic cyclins for degradation in
the switch from mitosis to endoreplication during Arabidopsis trichome development.
2.2 Materials and Methods
2.2.1 Plant Material and Growth Conditions
Arabidopsis thaliana genotypes used in this work were derived from Columbia
and Landsberg erecta ecotypes. Loss of function lines SALK_083656 and
SALK_101689 (Columbia ecotype) were obtained from ABRC. Transgenic lines
overexpressing mitotic cyclins B1;1 and B1;2 were provided by Dr. Arp Schnittger. All
plants were grown as previously described (Larkin et al., 1999)
2.2.2 Isolation of ens2 Mutants
Homozygous sim-1 seeds were mutagenized with ethyl methane sulfonate (EMS)
and collected as 37 pools of 300 M1 plants each for a total of 11,100 M1 plants.
Approximately 2,000 M2 plants per pool were screened under a dissecting microscope.
Mutants with similar phenotypes were only considered independent if isolated from
different pools. Plants possessing a trichome phenotype that enhanced the multicellularity
and/or clustering of the sim-1 mutant trichome phenotype were isolated and allowed to
self. Plants that continued to exhibit a modified sim-1 phenotype in the next generation
were then backcrossed three times to the sim-1 mutant to ensure that the resulting double
mutant contained only the new mutation and the sim-1 mutation. The resulting F3 plants
were then crossed to Col-0 wild type and the F1 allowed to self, generating an F2
segregating population. Plants with reduced trichome branching but with no trichome
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clusters (new mutant trichome phenotype) were isolated from the segregating F2
population. A total of 6 alleles were isolated from the 37 pools. The recessive nature and
monogenic segregation of the alleles was determined from the F1 and F2 of the crosses to
Col-0. The F1 resulting from pairwise crossing between the alleles was used to test for
allelism. The isolated single mutants were then crossed to sim-1 to reconstruct the sim-1;
ens2 double mutant phenotype, confirming that the enhanced sim phenotype resulted
from the ens2 mutation. Two alleles of ens2; ens2-2 and ens2-3 were crossed to sim-2
and sim-3 resulting in a similar phenotype as the original sim-1; ens2 double mutant,
showing that the effect of the ens2 mutation is not specific to a single sim allele. The F1
phenotype and the F2 segregation analysis of a cross between ens2-1 and Col-0 showed
that the ens2-1 mutation is recessive (WT=64, ens2-1=23, X2= 0.0957, p=.05, H0 =3:1).
2.2.3 Genetic Mapping and Isolation of ENS2 Gene
Bulked segregant analysis (Lukowitz, et al., 2000) was used to map the ens2-1
mutation to a region on Chromosome VI near the molecular marker ciw7 on BAC clone
F18E5. Genomic DNA samples of 883 ens2-1 mutant plants from an F2 population of a
cross between ens2-1(Col) and Landsberg erecta (Ler) were tested by PCR with
molecular markers generated using the Cereon database of Columbia versus Ler
polymorphisms (www.arabidopsis.org/cereon/index.jsp). Two CAPs markers, F7H19-3a
and T12H17-2, were used to localize the ens2-1 mutation within a region of ~140 kb,
which contained the two overlapping BAC clones F7H19 and T12H17. The ens2-1
mutation was identified by sequencing the putative candidate gene AT4G22910, and the
alleles ens2-2, ens2-3, ens2-4, ens2-5, and ens2-6 were subsequently shown to contain
mutations in this same gene. For molecular complementation of the ens2-1 mutation, a
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genomic coding sequence of AT4G22910 as well as 1607 bp upstream sequence and 617
bp downstream sequence was PCR amplified from the BAC clone F7H19 using primers
ENS2-1CF (5`- CACCAGGTGTCAATGGTGGGTC-3`) and ENS2-1CR3 (5`GTCGGTGTAACGGTG AGAAAC-3`). This fragment was cloned into the
GATEWAY® (Invitrogen, Carlsbad, CA) entry vector pENTR following the
manufacturer’s protocol (http://invitrogen.com/contents/sfs/manuals/gatewayman.pdf).
Isolation of error-free genomic clones were confirmed by sequence analysis before attL
recombination into the GATEWAY destination binary vector pMDC100, a plant binary
transformation vector, to create pMDC100/ENS2C-5.2, which was used to complement
the ens2-1 phenotype.
2.2.4 Generation of Transgenic Lines and Growth Conditions
The full length coding sequence of ENS2 was PCR amplified from the BAC clone
F7H19 using primers ENS2-1F (5’-CACCATGGAAGAAGAAGATCCTACAGC-3’)
and ENS2-1R1 (5’ TTCTCACCGAATTGTTGTTCTACC-3’) with a stop codon or (5’CCGAATTGTTGTTCTACCAAAGAAG-3’) without a stop codon and cloned into a
GATEWAY® entry vector pENTR following the manufacturer’s protocol
(http://www.invitrogen.com/contents/sfs/gatewayman.pdf). Error-free clones were
confirmed by sequence analysis before attL recombination into the following
GATEWAY® compatible destination vectors: overexpression, pK2GW7, (www.vib.be);
estrogen-inducible, pMDC7; (from Dr. Chua, N.) and trichome specific expression,
pLEELA-pGL2 (Weinl et al., 2005). The resulting plasmids were introduced into
Agrobacterium tumefaciens by electroporation or by the freeze-thaw method (Weigel and
Glazebrook, 2002) and then into plants via floral dip method (Clough and Bent, 1998).

33

Transgenic plants were selected on medium containing the relevant antibiotics and later
transferred to soil.
2.2.5 Construction of Double Mutants
Double mutants were constructed by crossing ens2-1 with other genotypes,
followed by self-pollination of the F1. Putative double mutants (plants with a novel
trichome phenotype) were identified from the F2 segregating population. When it was
difficult to identify double mutants from the F2 segregating population, plants displaying
the ens2-1 trichome phenotype were selected from the F2 segregating population and
allowed to self. Putative double mutants were then identified segregating in the F3
population. Putative double mutants were confirmed by backcrossing to wild-type plants
and the subsequent F2 population examined for segregation of the original parental
mutant phenotypes and by complementation or sequencing.
2.2.6 Nuclear DNA Measurements
DNA contents were measured as previously described (Walker et al., 2000) and
the DNA values normalized to reported wild-type epidermal cell nuclei values
(Melaragno et al., 1993). Statistical analysis was done using SigmaStat software (Systat
software Inc., San Jose, CA). Flow cytometric analysis was performed as previously
described (Verkest et al., 2005).
2.2.7 Physical Characterization of Various Genotypes
Trichomes on wild type and other genotypes were examined by scanning electron
microscopy (SEM) as previously described (Larkin et al., 1999). To quantify trichome
branch numbers for each genotype, branches were counted using the SEM on all
trichomes on the adaxial side of the first or second leaf from at least 10 plants.

34

2.3 Results
2.3.1 Isolation of Phenotypic Enhancers of sim
Wild-type trichomes are unicellular (Figure 2.1A). The sim-1mutation is a loss-offunction mutation resulting in multicellular and clustered trichomes (Figure 2.1B). The
SIM gene encodes a CDK inhibitor that binds to CYCD/CDK complexes (Churchman et
al., 2006). In our search for modifiers of the sim-1 mutant trichome phenotype, we
isolated 7 mutants that dramatically enhanced the multicellular trichome phenotype of
sim-1 (Figure 2.1C, Table 2.1). We called the modifiers enhancers of siamese (ens). Six
of these ens mutants were allelic, defining the ENS2 gene, the remaining mutant, defining
the ENS1 gene will be described in chapter 3. Single mutants of the six modifiers
produced predominantly two branched trichomes (Figure 2.1E).
To determine the effect of the ens2-1 mutation on the mutant trichome phenotype
of sim-1, the number of nuclei per trichome initiation site (TIS) was counted in double
mutants between ens2 alleles and sim-1. The ens2 mutation increases the number of
nuclei per TIS in the sim-1 mutant by 2 to 6 times (Table 2.1). The ens2 mutation also
results in reduced trichome branching (Figure 1E) and reduced trichome nuclear DNA
content compared to wild type (Figure 2.2).
2.3.2 ENS2 Encodes a CDH1-Like Activator of the Anaphase Promoting
Complex/Cyclosome (APC/C)
The ens2-1 mutation was mapped to a region of ~114kb on chromosome IV
using two CAPs markers T12F17-2 and F7H19-3a (Figure 2.3A.) and the gene was
identified by sequencing AT4G22910, the most promising candidate gene in the region.
Sequencing revealed a C to T point mutation (TCT to TTT) in exon 4 that changes a
serine to phenylalanine at codon 317. The ens2-2 allele has a G to A point mutation
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Figure 2.1 Identification of a genetic enhancer that increases the number of cells in
sim multicellular trichomes.
(A) Scanning electron micrograph of wild type trichome.
(B) Scanning electron micrograph of sim mutant trichome.
(C) Scanning electron micrograph of ens2-1; sim-1 double mutant.
(D) Cross section of ens2-1; sim-1 double mutant. Arrows indicate individual cells.
(E) Scanning electron micrograph of ens2-1 loss of function trichome phenotype.
(F) Scanning electron microscope of SALK_083656 T-DNA insertion line.
Arrows in (B) and (C) indicate cell junctions and in (D) individual cells.
Bars in (A), (B), (C) and (E) =100 µm, and in (D) and (F) = 50 µm.
(TAG to TAA) at the splice acceptor site of the first intron in AT4G22910 gene (Figure
2.3A). The remaining four alleles had the same mutation as ens2-1 though isolated from
independent pools. The ens2-1 and ens2-2 mutations lead to production of trichomes
predominantly with two branches (Figure 2.1E). In addition to the six alleles identified in
the modifier screen of the sim-1 mutant trichome phenotype, two SALK lines;
SALK_083656 and SALK_101689 with T-DNA insertions in exon 4 and intron 2 of
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Table 2.1 The ens2 mutation increases multicellularity of sim-1 mutant trichomes
Genotype
Col-0
ens2-1
sim-1
ens2-1; sim-1 dm
ens2-2; sim-1 dm
ens2-3; sim-1 dm
ens2-4; sim-1 dm
ens2-5; sim-1 dm
ens2-6; sim-1 dm

No. of nuclei per TISa
1.0 ± 0.0
1.0 ± 0.0
2.5 ± 1.3
12.0 ± 3.8
11.9 ± 3.7
8.7 ± 3.1
7.3 ± 5.3
8.2 ± 3.0
5.1 ± 2.3

Total TISb
55
50
50
52
50
50
63
30
30

a

Number of nuclei per TIS were counted under a fluorescence microscope of DAPI
stained trichomes. Data shown are means ± SD.
b
Total number of TIS where nuclei were counted on first or second leaves. At least ten
leaves were used per genotype.

AT4G22910 gene respectively (Figure 2.3A) have identical trichome phenotypes to that
of ens2-1 (Figure 2.1F), and both fail to complement the ens2-1 mutant trichome
phenotype.
The ens2-1 mutant phenotype was rescued by the AT4G22910 coding sequence
under the control of both the cauliflower mosaic virus (35S) promoter, the trichome
specific GL2 promoter and by a genomic DNA fragment including 1607 bp upstream of
the AT4G22910 start codon, the entire coding region plus 617 bp downstream of the stop
codon. These pieces of evidence established that AT4G22910 is the ENS2 gene.
AT4G22910 encodes the Arabidopsis CDH1-like protein (CCS52A1) that acts as a
substrate specific activator of the APC/C. Double mutants created between ens2-1 alleles,
the two SALK lines and sim-1 alleles have a multicellular trichome phenotype as the
original ens2-1; sim-1 double mutant (Figure 2.4) confirming that the enhanced sim-1
phenotype in the double mutants is due to a mutation in the AT4G22910 gene.
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Figure 2. 2 Mutations in ENS2/AtCCS52A1 but not in AtCCS52A2 result in reduced
endoreplication.
(A) The knockout-lines used here are; SALK_083656 for atccs52a1 and SALK_001978
for atccs52a2. DNA contents of DAPI-stained nuclei are presented as Relative.
Fluorescent Unites (RFU) normalized to 32 RFU for Col-0 based on an assumed DNA
content of 32C for wild-type trichome nuclei. The relative nuclear DNA content was
determined as described in Brininstool et al. (2008).
(B) Nuclear DNA content of 21-day–old cotyledons of Col-0 and ens2-1 as determined
by flow cytometry.
(C) Nuclear DNA content of 21-day–old leaves of Col-0 and ens2-1 as determined by
flow cytometry.
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Figure 2.3 Isolation of the ENS2 gene and complementation of the ens2-1 mutation.
(A) Locus and structure of ENS2.
Arrowed boxes in the upper panel represent BAC clones. The names of markers and the
number of recombinants are below the BAC clones.
In the lower panel is the structure of ENS2 gene. Boxes indicate exons and the line
indicates introns. Mutations and T-DNA insertions are indicated.
(B) Light micrograph of wild-type trichome phenotype.
(C) Light micrograph of ens2-1 loss of function trichome phenotype.
(D) Complementation of ens2-1 loss of function by proGL2:ENS2.
(E) Complementation of ens2-1 loss of function by proGL2:CDH1/CCS52A2.
Bars = 4mm in (B) and (C), =2 mm in (D) and (E).
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These results also indicate that the effect of the ens2-1 mutation in the AT4G22910 gene
is not specific for a single sim allele.
2.3.3 ENS2 and CDH1/CCS52A2 can Suppress sim-1 Mutant Trichome Phenotype
Wild type trichomes are unicellular and occur singly at every trichome initiation
site (TIS) (Figure 2.5A). In the sim-1 mutant, trichomes are multicellular and frequently
occur in clusters (Figure 2.5B). To investigate the role of ENS2 and its closely related
homologue CDH1/CCS52A2 in trichome cell development, we expressed both of them
under the control of the constitutive cauliflower mosaic virus (35S) promoter and the
trichome specific GL2 promoter, proGL2. Plants in sim-1 background expressing both
35S:ENS2 and proGL2:ENS2 had enlarged unicellular trichomes with supernumerary
branches without clusters (Figure 2.5D and H, Table 2.2) similar to sim-1 plants
expressing 35S:CDH1/CCS52A2 and proGL2:CDH1/CCS52A2 (Figure 2.5F and J; Table
2.2). In wild type background, the trichome phenotype when both these genes are driven
by these two powerful promoters had an identical phenotype; large unicellular trichomes
with supernumerary branches (Figure 2.5C, E, G and I). Trichomes of transgenic plants
in all the three backgrounds had more branches than wild type (Table 2.3).
2.3.4 Plants Overexpressing ENS2 and CDH1/CCS52A2 Undergo Increased
Endoreplication
To further investigate the role of ENS2 and its homolog CDH1/CCS52A2 in plant
development, transgenic plants expressing 35S:ENS2 and 35S:CDH1/CCS52A2 were
analyzed for growth habit, leaf epidermal cell patterning, trichome nuclear DNA and
trichome branching. Two lines of 35S:ENS2 and35S:CDH1/CCS52A2 were analyzed in
ens2-1, and Col-0 backgrounds. In both backgrounds, the plants were reduced in size
compared to wild type (Figure 2.6A and B). Though the plants were reduced in size, they
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Figure 2.4 Interactions of ens2 with sim are not allele-specific.
(A) Scanning electron microscope of ens2-1; sim-1 double mutant.
(B) Scanning electron microscope of ens2-1 knock out line (SALK_083656); sim-1
double mutant.
(C) Scanning electron microscope of ens2-1 knock out line (SALK_101689); sim-1
double mutant.
(D) Scanning electron microscope of ens2-1; sim-2 double mutant.
(E) Scanning electron microscope of ens2-1; sim-3 double mutant.
(F) Scanning electron microscope of ens2-2; sim-3 double mutant.
Bar =50µm in A, B, C and F and 100µm in D and E.
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Figure 2.5 ENS2 and CDH1/CCS52A2 suppress sim-1 mutant trichome phenotype.
(A) Scanning electron micrograph of wild-type trichome. (B) Scanning electron
micrograph of sim-1 mutant trichome. (C) 35S:ENS2 in Col-0 background. (D)
Suppression of sim-1 mutant phenotype by 35S:ENS2. (E) 35S:CCS52A2 in Col-0
background. (F) Suppression of sim-1 mutant phenotype by 35S:CCS52A2.
(G) proGL2:ENS2 in Col-0 background. (H) Suppression of sim-1 mutant phenotype by
proGL2:ENS2. (I) proGL2:CCS52A2 in Col-0 background. (J) Suppression of sim-1
mutant phenotype by proGL2:CCS52A2.
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Table 2.2 Both proGL2:ENS2 and proGL2:CCS52A2 suppress the sim-1 mutant
trichome phenotype
Genotype
Number of nuclei per TISa
Total TISb
Col-0
1.0 ± 0.0
54
2.2 ± 1.2
64
sim-1
proGL2:ENS2 in sim-1
1.0 ± 0.0
55
proGL2:CCS52A2 in sim-1
1.0 ± 0.0
50
a
Number of nuclei per TIS were counted under a fluorescence microscope of DAPI
stained trichomes. Data shown are means ± SD.
b
Total number of TIS where nuclei were counted on first or second leaves. Ten leaves
were used per genotype.

Table 2.3 Overexpressing ENS2 and CDH1/CCS52A2 increases trichome branching
No. of branch points (% of total)a
Genotype
1
2
3
4
≥5
No of trichomesb
Col-0
0.0
87.0 12.8
0.3
0.0
392
78.1
21.9
0.0
0.0
0.0
343
ens2-1
35S:ENS2 in Col-0
0.0
27.5 44.9 23.3
4.2
287
35S:ENS2 in ens2-1
0.0
35.1 50.3 13.2
1.4
296
35S:ENS2 in sim-1
0.0
27.9 49.4 19.2
3.6
308
35S:CCS52A2 in Col-0
0.0
21.3 46.0 21.9
10.8
389
35S:CCS52A2 in ens2-1
0.0
25.4 41.6 21.5
11.5
339
35S:CCS52A2 in sim-1
0.0
23.9 47.6 13.9
14.6
267
proGL2:ENS2 in Col-0
0.0
16.7 39.3 27.6
16.3
257
proGL2:ENS2 in ens2-1
0.0
30.0 34.4 29.4
6.1
180
proGL2:ENS2 in sim-1
0.8
27.1 37.3 24.7
10.2
255
proGL2:CCS52A2 in Col-0
0.0
13.1 32.3 33.0
21.6
282
proGL2:CCS52A2 in ens2-1
0.0
32.5 37.2 17.7
12.6
317
proGL2:CCS52A2 in sim-1
0.0
19.6 27.0 29.4
23.6
326
a
% of trichomes having the indicated number of branch points (1 branch point indicates a
trichome with two branches). Counts were made on ten first or second leaves per
genotype.
b
Total number of trichomes on which branches were counted.
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contained patches of enlarged epidermal pavement cells and had irregular cell patterning
on some leaves (Figure 2.6 D, E, G and H). The effect of 35S:CDH1/CCS52A2 was more
dramatic; most strong transgenic plants irrespective of the background died after 3 weeks
following transfer to soil from MS media and only relatively weak lines survived. Leaves
on strong lines were very much reduced in size and were distorted (Figure 2.6E). Plants
overexpressing CDH1/CCS52A2 had a severe reduction in root growth than those overexpressing ENS2 (Figure 2.7). Strong lines overexpressing ENS2 and CDH1/CCS52A2
under the control 35S promoter had smaller leaves with just a few trichomes (Figure 2.6D
and 2.6E). The leaves of plants overexpressing ENS2 and CDH1/CCS52A2 under the
control of 35S promoter had large epidermal pavement cells with enlarged nuclei (Figure
2.8B and C), enlarged multibranched trichomes (Figure 2.5) with enlarged nuclei
compared to wild type (Figure 2.8 E and F). Transgenic plants overexpressing these two
genes under the control of the GL2 promoter also had large multibranched trichomes
(Figure 2.5) with enlarged nuclei (Figure 2.8 G and H).
To determine the relative nuclear DNA contents, trichomes on leaves were stained
with 4', 6-diamidino-2-phenylindole (DAPI) and data represented as relative fluorescent
units (RFU) of DAPI fluorescence detected in the nuclei and normalized to the mean
value of 32C of wild type (Col) trichome nuclei (Melaragno et al., 1993). The RFU
values therefore represent the relative DNA contents. From figure 2.9A and B, the nuclei
of trichome cells of transgenic lines overexpressing ENS2 and CDH1/CCS52A2 under the
control of the 35S promoter had more relative nuclear DNA than wild type. Also,
transgenic plants overexpressing these two genes under the control of the trichome
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Figure 2.6 Plants over overexpressing ENS2 and CDH1/CCS52A2 have enlarged
cells.
(A) Three-week-old 35S:ENS2 plant.
(B) Three-week-old 35S:CCS52A2 plant.
(C) Three-week-old wild-type plant.
(D) Second leaf of 35S:ENS2 plant shown in (A).
(E) Second leaf of 35S:CCS52A2 shown in (B).
(F) Adaxial epidermal pavement cells of wild-type first leaf.
(G) Adaxial epidermal pavement cell of 35S:ENS2 first leaf.
(H) Adaxial epidermal pavement cells of 35S:CCS52A2 first leaf.
Bars = 2 cm in (A), (B) and (C), I mm in (D) and (E), 100µm in (F), (G) and (H).
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Figure 2.7 Plants overexpressing ENS2 and CDH1/CCS52A2 have reduced root
growth.
(A) Root growth analysis of plants overexpressing 35S:ENS2
(B) Root growth analysis of plants overexpressing 35S:CCS52A2
Root length was measured daily for 14 days after germination on MS lacking or
containing 1% sucrose.
specific GL2 promoter had trichomes with increased nuclear DNA content compared to
wild type (Figure 2.9 C and D).
To gain further insight into the function of ENS2 expression in plant development,
we made a proEST:ENS2 construct where ENS2 was put under the control of an estrogeninducible ectopic expression system using a Gateway compatible vector pMDC7 (Dr.
Chua N.H.). To induce ENS2 expression, transgenic lines in ens2-1, sim-1 and Col-0
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Figure 2.8 Plants overexpressing ENS2 and CDH1/CCS52A2 have enlarged nuclei.
(A) DAPI-stained epidermal pavement cell nuclei of wild-type first leaf. Arrows indicate
nuclei.
(B) DAPI-stained epidermal pavement cell nucleus of 35S:ENS2 first leaf.
(C) DAPI-stained epidermal pavement cell nucleus of 35S:CCS52A2 first leaf.
(D) DAPI-stained trichome nucleus of wild-type first leaf.
(E) DAPI-stained trichome nucleus of 35S:ENS2 first leaf.
(F) DAPI-stained trichome nucleus of 35S:CCS52A2 first leaf.
(G) DAPI-stained trichome nucleus of proGL2:ENS2 first leaf.
(H) DAPI-stained trichome nucleus of proGL2:CCS52A2 first leaf.
Bars = 20µm in (A) to (H).
backgrounds were germinated on (Murashige and Skoog) MS media (Murashige and
Skoog, 1962) containing 10µM ß-estradiol and on MS media without ß-estradiol and
their macroscopic phenotypes and growth habits compared. On media without the
inducer, all genotypes had the same root growth rate and looked alike (Figure 2.10A top
panel). However, on media containing the inducer, transgenic plants carrying the
proEST:ENS2 construct looked different. They had shorter roots and generally looked
smaller (Figure 2.10A bottom panel).When the transgenic plants were allowed to grow
and form first leaves on media with inducer, they formed smaller leaves with large
multibranched trichomes (Figure2.11E-G ), a phenocopy of transgenic plants expressing
35S:ENS2 or 35S:CDH/CCS52A2.
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Figure 2.9 Plants overexpressing ENS2 and CDH1/CCS52A2 undergo increased
endoreplication. DNA contents of DAPI-stained nuclei are presented as Relative
Fluorescent Unites (RFU) normalized to 32 RFU for Col-0 based on an assumed DNA
content of 32C for wild-type trichome nuclei. The relative nuclear DNA content was
determined as described in Brininstool et al. (2008).
(A) Relative nuclear DNA content of transgenic plants expressing 35S:ENS2.
(B) Relative nuclear DNA content of transgenic plants expressing 35S:CDH1/CCS52A2.
(C) Relative nuclear DNA content of transgenic plants expressing proGL2:ENS2
(D) Relative nuclear DNA content of transgenic plants expressing proGL2:CCS52A2.
The relative nuclear DNA content was determined as described in Brininstool et al.
(2008).
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Figure 2.9 cont’d
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Figure 2.10 Macroscopic phenotypes of Col-0, ens2-1, sim-1 and transgenic lines
containing the inducible proEST:ENS2.
Seedlings were grown on MS media lacking (top row) and containing (bottom row) 10
µM ß-estradiol for 7days. Bar = 50mm
The first and second leaves of transgenic plants on MS media containing the inducer had
fewer trichomes than wild-type (Table 2.4), aborted trichomes, enlarged epidermal
pavement cells and shoot apical meristems that looked like a mass of cells (Figure 2.11F,
H and 1).
2.3.5 Overexpressing B-type Cyclins in ens2 Mutants but not in Wild-Type Results
in Multicellular Trichomes
To gain further insight into the role of ENS2 in the cell cycle during trichome
development, the ens2-1allele was made homozygous in plants overexpressing
CYCB1;1, CYCB1;2 , CYCD4;1 and CDKA;1 under the control of the trichome specific

50

Figure 2.11 Induction of ENS2 by ß-estradiol produces large multibranched
trichomes as well as patches of enlarged leaf epidermal pavement cells.
(A) Col-0 (Wild-type).
(B) ens2-1.
(C) sim-1.
(D) Col-0 leaf epidermal cells.
(E) proEST:ENS2 in Col-0.
(F) proENTt:ENS2 in ens2-1.
(G) proEST:ENS2 in sim-1.
(H) Enlarged epidermal pavement cells of proEST:ENS2 in Col-0.
(I) Apical shoot meristem and the first two leaves of proEST:ENS2 in Col-0.
Black arrow in indicates cell junction and white arrow head indicates aborted trichome.
Bars = 50µm in (C), =100 µm in (A), (B), (D), (E), (F), (G), (H), and = 1mm in (I).

GL2 promoter by crossing. Trichomes on plants overexpressing CYCB1;1, CYCB1;2 ,
CYCD4;1 and CDKA;1 in wild-type background are unicellular but in the ens2-1
background, the trichomes are multicellular (Figure 2.12). Analysis of the number of
nuclei per TIS revealed that plants overexpressing CYCB1;1, CYCB1;2 , CYCD4;1 and
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Table 2.4 Induction of ENS2 by ß-estradiol reduces the number of trichomes per
leaf
Genotype
No. of trichomes per leafa
Total number of leavesb
Col-0
41.1 ± 4.1
10
38.5 ± 4.6
10
ens2-1
41.0 ± 7.9
10
sim-1
pMDC7:ENS2 in Col-0
7.6 ± 4.1
21
pMDC7:ENS2 in ens2-1
8.0 ± 2.2
21
pMDC7:ENS2 in sim-1
9.2 ± 3.0
21
a
The number of trichomes per leaf were counted using a dissecting microscope. Data
shown are means ± SD.
b
Total number of leaves on which trichomes were counted.

CDKA;1 in ens2-1 mutant background had more nuclei per TIS than the individual
transgenic lines and wild type (Table 2.5). We also observed that plants overexpressing
these cell cycle regulators in the ens2-1 mutant background had reduced endoreplication
compared to wild type (Figure 2.13).
2. 4 Discussion
2.4.1 ENS2/CDH1 and AtCCS52A2/CDH1 May Be Functionally Similar
We report the isolation of ENS2, a gene that encodes the Arabidopsis CDH1-like
protein AtCCS52A1. This protein encodes an activator of the anaphase promoting
complex/cyclosome (APC/C), a multisubunit protein complex that targets proteins for
degradation by the 26S proteasome (Tarayre et al., 2004; Fülöp et al., 2005). Our work
indicates that together with the SIM protein, this protein is a key regulator of the
endocycle in developing trichomes.
CDH1-like genes play a crucial role in both plant and animal development. Suppression
of CDH1 in human cells using RNAi causes accumulation of APC/CCDH1 substrates
and results in prolonged S phase, mitotic delay and chromosome aberrations
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Figure 2.12 The ens2-1 mutation induces multicellular trichomes in plants
overexpressing cyclin B1;1, cyclin B1;2, cyclin D4;1 and CDKA;1.
(A) Wild-type trichome. (B) Trichome phenotype of ens2-1 loss-of-function mutant.
(C) Trichome phenotype of proGL2:CYCB1;1. (D) Trichome phenotype of ens2-1; proGL2:CYCB1;1
double mutant. (E) Trichome phenotype of proGL2:CYCB1;2.
(F) Trichome phenotype of ens2-1; proGL2:CYCB1;2. (G) Trichome phenotype of proGL2:CYCD4;1. (H)
Trichome phenotype of ens2-1; proGL2:CYCD4;1 double mutant.
(I) Trichome phenotype of proGL2:CDKA;1. (J) Trichome phenotype of ens2-1; proGL2:CDKA;1 double
mutant.
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Table 2.5 A mutation in ENS2 induces multicellular trichomes in plants
overexpressing cell cycle regulators
Genotype
No. of nuclei per TISa
Total TISb
Col-0
1.0 ± 0.0
55
1.0 ± 0.0
50
ens2-1
1.0 ± 0.0
54
proGL2:CYCB1;1
1.0 ± 0.0
50
proGL2:CYCB1;2
1.0 ± 0.0
55
proGL2:CYCD4;1
1.0 ± 0.0
50
proGL2:CDKA;1
1.5 ± 0.7
61
ens2-1; proGL2:CYCB1;1
1.2 ± 0.4
63
ens2-1; proGL2:CYCB1;2
1.2 ± 0.4
68
ens2-1; proGL2:CYCD4;1
1.1 ± 0.3
54
ens2-1; proGL2:CDKA;1
a
Number of nuclei per TIS were counted under a fluorescence microscope of DAPI
stained trichomes. Data shown are means ± SD.
b
Total number of TIS where nuclei were counted on first or second leaves. Ten leaves
were used per genotype.

(Englebert et al., 2008). In yeast, CDH1 mutants fail to arrest when starved of nutrients
(Yamaguchi et al., 1997) while in Drosophila, flies mutant in a CDH1 homologue fzr
undergo an extra embryonic epidermal cell division (Sigrist and Lehner, 1997). Several
studies implicate CDH1-like proteins in endoreplication. In mice, inactivation of CDH1
results in embryonic lethality due to failure of the placental trophoblasts to endoreplicate
(Garcia-Higuera et al., 2008). In planta, reduced expression of Medicago truncatula
(Mt)CCS52A inhibited the development of nitrogen-fixing root nodules, and the few that
developed remained small, had reduced endoreplication and showed premature
senescence (Cebolla et al., 1999; Vinardell et al., 2003).
In Arabidopsis thaliana, ENS2/AtCCS52A1 loss-of-function mutations result in
trichomes with reduced branching and reduced endoreplication but with no effect on
overall plant growth (Figure 2.1 and 2.2). However, loss-of-function mutation in its close
Arabidopsis homologue; CDH1/AtCCS52A2 results in slow growing plants but with wild54

Figure 2.13 A mutation in ENS2 reduces endoreplication in plants overexpressing
cyclin B1;1, cyclin B1;2, cyclin D4;1 and CDKA;1.
DNA contents of DAPI-stained nuclei are presented as Relative Fluorescent Units (RFU),
normalized to 32 RFU for Col-0, based on an assumed DNA content of 32C for wild-type
trichome nuclei. The relative nuclear DNA content was determined as described in
Brininstool et al. (2008).
type trichomes having normal nuclear DNA content (Figure 2.2) suggesting these two
genes have tissue-specific functions in Arabidopsis. Overexpression of the Arabidopsis
AtCCS52A1 and CDH1/AtCCS52A2 in yeast arrested growth and promoted gene specific
morphological changes (Fülöp et al., 2005). Yeast cells overexpressing
CDH1/AtCCS52A2 were long and had enlarged nuclei while those overexpressing
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AtCCS52A1 were huge and branched. In Arabidopsis thaliana, overexpression of these
two genes using the constitutive 35S promoter results in dwarf plants with patchy
enlarged leaf epidermal pavement cells having an enlarged nuclei (Figure 2.6 and 2.8).
Transgenic plants carrying 35S:ENS2/AtCCS52A1 and 35S:CDH1/AtCCS52A2 also have
large multibranched trichomes with large highly endoreplicated nuclei (Figure 2.5, 2.8,
2.9A and 2.9B, Table 2.3). Overexpression of these two Arabidopsis genes using the
trichome specific promoter proGL2 also results in enlarged multibranched trichomes with
large highly endoreplicated nuclei (Figure 2.5, 2.9C and 2.9D, Table 2.3). Arabidopsis
plants overexpressing these two genes also have large malformed /aborted trichomes
(Figure 2.11F), suggesting that overexpression of ENS2/AtCCS52A1 and
CDH1/AtCCS52A2 interferes with differentiation of endoreplicated cells. Induced
expression of ENS2/AtCCS52A1 from the estrogen inducible promoter had a more
dramatic effect on plant development than when the gene is driven by the 35S promoter.
On media containing estrogen, transgenic plants carrying pEST:ENS2 had few huge
trichomes per leaf and were retarded in growth. Induced expression of ENS2 also resulted
in malformed young leaves on the shoot which appear as individual cells that look like
calli (Figure 2.11 I).
Cell and nuclear size correlated with the ploidy levels in trichomes of plants
overexpressing ENS2/AtCCS52A1 and CDH1/AtCCS52A2 as was the case when the two
genes were overexpressed in yeast (Fülöp et al., 2005; Tarayre et al., 2004). These
findings reinforce the view that cell size is dependent on nuclear DNA content in
endoreplicating cells. Together, our findings and those Tarayre et al. (2004), Fülöp et al.
(2005), Englebert et al. (2008) and Garcia-Higuera et al. (2008) suggest that CCS52A
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genes are required to initiate or establish endoreplication, a modified cell cycle that plays
a crucial role in the development of various tissues and organs in different eukaryotes.
The loss-of –function and gain-of-function phenotypes of ENS2/AtCCS52A1 coupled
with its interaction with SIM suggests that ENS2/AtCCS52A1 is involved in regulating the
switch from mitosis to the endoreplication cell cycle in developing trichomes.
While mutations in ENS2/AtCCS52A1 and CDH1/ AtCCS52A2 result in different
phenotypes, overexpression studies using 35S and GL2 promoters gave rise to similar
phenotypes. Our findings from overexpression studies together with those of Fülöp et al.
(2005) suggest that these two genes are functionally equivalent although
CDH1/AtCCS52A2 is more potent than ENS2/AtCCS52A1. The gene- specific mutant
phenotypes observed can be attributed to tissue-specific expression differences between
the two genes.
2.4.2 Both ENS2/AtCCS52A1 and AtCCS52A2 Suppress the siamese Mutant
Trichome Phenotype
The SIM gene encodes a key regulator of endoreplication in Arabidopsis
trichomes, blocking mitosis and promoting endoreplication via inhibition of cyclin
D/CDK complexes (Churchman et al., 2006; Larkin et al., 2007). In sim loss-of-function
mutants, trichomes divide and become multicellular instead of endoreplicating and the
ens2-1 mutation enhances the multicellularity and clustering of sim mutant trichomes
(Table 2.1). Overexpressing ENS2/AtCCS52A1 and the closely related
CDH1/AtCCS52A2 gene by both the 35S and GL2 promoter in sim mutant plants
suppressed the multicellularity and clustering phenotype of sim mutants and produced
large multibranched trichomes with enlarged highly endoreplicated nuclei. The sim lossof-function mutation causes missexpression of cyclin B1;1 (Churchman et al., 2006) and
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expression of cyclin B1;2 transcripts (Schnittger et al., 2002a) suggesting SIM acts
upstream of cyclin B expression in developing trichomes. ENS2/AtCCS52A1 and
CDH1/AtCCS52A2 encode activators of the APC/C that target proteins with different Dboxes for degradation by the 26S proteasome. Overexpression of these CCS52 proteins
probably keeps the APC/C perpetually activated, thus targeting missexpressed mitotic
cyclin B in sim mutants for degradation and abolishing the multicellularity and clustering,
a phenotype also observed in plants overexpressing truncated versions of B-type cyclins
(Schnittger et al. 2002a, 2005). Non-periodic expression of APC/CCDH1 in human cells
prevents G2 and M events and results in endoreplication that was linked to destruction of
various mitotic regulators including cyclin A and B and any experimental lowering of
cyclin B, the well-known substrate of the APC/CCDH1 is reported to lead to
endoreplication in eukaryotes (John and Qi. 2008).
2.4.3 A Mutation in ENS2/AtCCS52A1 Induces Multicellular Trichomes in Plants
Overexpressing Cyclin B1;1, Cyclin B1;2, Cyclin D4;1 and CDKA;1
Different phases of the cell cycle are regulated by different regulators. A-type and
B-type cyclins regulate G2 to M phase transitions while CYCD/CDKA;1 complexes
trigger G1 to S transitions. There is evidence that CDKA;1 transcripts remain constant
throughout the cell cycle (Sorell et al., 2001) suggesting it plays a role at some other
phase of the cell cycle (Inzé and De Veylder, 2006). D-type cyclins were initially thought
to mainly regulate G1 to S phase, but there is evidence that they also play a role in G2 to
M transitions as well (Kono et al., 2003; Schnittger et al., 2002b).
Overexpression of cyclins B1;1, B1;2, D4;1 and CDKA;1 in trichomes using
proGL2 in wild-type background results in unicellular trichomes with normal ploidy
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level. However, in ens2-1 mutant background, plants overexpressing these cell cycle
regulators produce multicellular trichomes with reduced endoreplication and trichome
clusters to some extent. Earlier on, Schnittger et al. (2002a, 2005) had shown that
expression of nondegradable cyclin B in Arabidopsis trichomes results in multicellular
trichomes. Schnittger et al. (2002b) also demonstrated that expression of cyclin D3;1 in
trichomes promotes mitosis and S phase. The multicellular trichome phenotype observed
when the above cell cycle regulators are expressed in ens2-1 mutant plants is as result of
the failure of mutant ENS2 to target the cell cycle regulators expressed in trichomes for
degradation since it cannot activate the APC/C.
One interesting observation we made was that plants overexpressing cyclin D4;1
and CDKA;1 in ens2-1 mutant background also produce multicellular trichomes, this is
because CYCD/CDK complexes are primarily known to regulate G1 to S transition,
promoting entry into S-phase (Dewitte and Murray, 2003; Inzé, 2005; Menges et al.,
2006). Overexpression of CYCD3;1 by the 35S promoter results in a decrease in cells in
G1, an increase in cells in G2 as well as an extended G2 phase and a delay in cyclin B
activation (Dewitte et al., 2003; Menges et al., 2006). These observations support the
role of CYCD3;1 at G1/S transition but not the G2/M transition. However, Kono et al.
(2003) showed that cyclin D4;1 associates and activates mitosis specific CDKB2;1,
suggesting cyclin D4;1 is involved in the G2 to M transition as well. Our findings provide
further evidence that cyclin D4;1 plays a role in the G2 to M transitions and is probably a
target of the APC/CCDH1. While CYCD/CDKA;1 complexes are primarily known to
trigger G1 to S transitions, studies have shown that CDKA;1 transcripts remain constant
throughout the cell cycle (Sorell et al., 2001) raising the possibility that CDKA;1 might
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be involved in regulation of G2 to M phase transition as well (Inzé and De Veylder,
2006). Our findings indicate that CDKA;1 together with its cyclin D partners also play a
role in the G2 to M phase transition.
The SIM protein blocks mitosis in endoreplicating trichomes by inhibiting cyclin
D/CDK complexes (Churchman et al., 2006). Our results show that both CYCD4;1 and
CDKA;1 are candidate targets of the APC/CCDH1. In SIM loss-of-function mutants, a
mutant SIM fails to block mitosis as it can not bind to and inhibit cyclin D/CDK
complexes, sim mutants also cause missexpression of mitotic cyclin B1;1: GUS and
express mitotic cyclin B1;2 transcripts. These two effects of the sim mutation are the
likely causes of the multicellular and clustering trichome phenotype of sim mutants in
wild-type background. Apparently, the degradation mechanism to which
ENS2/AtCCS52A1 belongs does not get rid of all the missexpressed proteins in the sim
mutant and so when ENS2 is mutant, the effect of the missexpressed proteins is enhanced
resulting in increased multicellularity and clustering in ens2-1; sim double mutant.
Our results indicate that ENS2 is the AtCCS52A1 gene and encodes a substrate
specific activator of the APC/C, a multisubunit protein complex that targets cell cycle
regulators for destruction by the 26S proteasome. ENS2 appears to be required for the
exit from mitosis in the establishment of the endoreplication cell cycle during trichome
development. Overexpression of AtCCS52A genes overrides the need for SIM in
trichome development as it abolishes multicellularity and trichome clustering in sim
mutants. We have also shown that ENS2/AtCCS52A1 probably targets cyclin D4;1 and
CDKA;1 besides the well known targets; mitotic cyclins B1;1, B1;2, for degradation. Our
results also provide further evidence that cyclin D4;1 and CDKA;1 are involved in G2/M
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transition besides the G1/S transition. A search for phenotypic modifiers of ens2-1 may
identify other players involved in the regulation of endoreplication cell cycle that might
shed more light as to how this modified cell cycle is established in plants.
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CHAPTER 3
ISOLATION AND CHARACTERIZATION OF ENS1 AND ITS ROLE
IN TRICHOME DEVELOPMENT
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3.1 Introduction
The acquisition of the overall plant form is a complex process that involves
several cell types that develop from undifferentiated meristematic cells to form tissues,
organs and eventually the whole plant body. The diverse cell types are arranged in a
pattern that is necessary for their function. The cytoskeleton plays an important role in
determining plant cell shape by influencing the pattern by which cell wall materials are
deposited in expanding cells (Smith and Oppenheimer, 2005). Generally, microtubules
maintain cell shape and control the direction of cell growth while actin microfilaments
promote growth by coordinating cytoplasmic streaming and delivery of materials
required for growth to specific sites (Hussey et al., 2006; Wasteneys and Galway, 2003;
Mathur and Hülskamp, 2002; Smith, 2003). Cell expansion is achieved by the cell wall
yielding to turgor pressure from within and the resultant breakage and reformation of
bonds between cell wall components and the controlled deposition of new wall materials
(Smith, 2003). It thus appears that mechanical forces, the cytoskeleton and molecular
regulators play critical roles during development of plant form.
Arabidopsis trichomes (leaf hairs) are large specialized single cells that project
from the epidermis of leaves, petioles, sepals and stems. Being large and exposed on the
surface, trichomes allow easy identification of mutants with altered form, branch number
and overall morphology. Trichomes have a unique architecture; on leaves, they have
typical three to four branches and are regularly distributed while those on other parts of
the plant have fewer than three branches (Glover, 2000; Schellmann and Hülskamp,
2005). They are a well-established system for studying cell shape, cell expansion and cell
morphogenesis (Schwab et al., 2000, Smith and Oppenheimer, 2005).
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Initiation of trichome development on Arabidopsis leaves is promoted by a
transcription factor complex that drives a protodermal cell to acquire a trichome cell fate
(Larkin et al., 2003; Schellman and Hülskamp 2005). The incipient trichome cell then
expands as it undergoes three rounds of endoreplication. The enlarged cell then grows out
of the leaf surface and when it is about ten times the size of a normal epidermal cell, it
develops the first branch point. After another round of endoreplication, the nucleus
increases in size and the cell enlarges further by extending the growth of the stalk and
branches and initiates a second branch point. Following second branch point initiation,
the nucleus migrates from a central position to the base of the second branch point
(Hülskamp et al., 1994; Hülskamp, 2004; Oppenheimer, 1998). The trichome continues
to expand until it reaches 300 to 500 µm tall with a base diameter of 50 µm. In the final
maturation phase, the trichome cell wall thickens, papillae develop on the surface of the
trichome and the cells at the base of the trichome differentiate and acquire a rectangular
shape (Schwab et al., 2000; Mathur, 2004). Detailed reviews of the molecular genetics of
trichome development are given by Larkin et al. (2003), and Schellman and Hülskamp
(2005).
Although trichomes in general are proposed to have a number of functions such as
protecting the plant from herbivorous insects, water loss through transpiration and
harmful UV radiation (Wagner 1991; Mauricio and Rausher 1997; Eisner et al., 1998;
Fahn, 2002; Traw and Dawson, 2002), Arabidopsis trichomes are dispensable under
laboratory conditions, allowing the isolation of several mutations that affect various
aspects of trichome development including cell shape (Galaway et al., 1994; Hülskamp et
al., 1994; Folkers, et al., 1997; Perazza et al., 1999; Luo and Oppenheimer, 1999; Exner
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et al., 2008). Mutations in ZWICHEL (ZWI), GLABRA3 (GL3), STICHEL (STI),
ANGUSTAFOLIA (AN), STACHEL (STA) and FURCA (FRC) lead to a decrease in
trichome branch number, while mutations in RASTAFARI (RFI), KAKTUS (KAK), NOEK
(NOK), TRIPTYCHON (TRY), POLYCHOME (PYM) and SPINDLY (SPY) result in an
increase in trichome branch number. Genetic control of trichome branch formation has
been examined by Folkers et al. (1997), Hülskamp et al. (1994) and Luo and
Oppenheimer, (1999). Many independent molecular pathways participate in regulating
trichome branching which is a product of the interaction between transcription factors,
cell cycle parameters, the cytoskeleton, expansins and mechanical forces that act on the
cell wall (Hülskamp, 2004; Exner et al., 2008; Mathur and Chua, 2000; Mathur, 2004;
Bichet et al., 2001; Folkers et al., 2002; Basu et al., 2008; Schwab et al., 2000 and
Szymanski et al., 2000). However, the mechanism determining the site of branch
initiation during trichome development remains unknown.
The recessive siamese (sim) mutation results in multicellular trichomes in place of
unicellular trichomes of wild type plants (Walker et al., 2000). The SIM gene is proposed
to function as a regulator of endoreplication onset during the trichome cell differentiation
(Churchman et al., 2006). In this work, we report the isolation and characterization of a
novel Arabidopsis gene ENS1, initially identified in a screen for genetic modifiers of sim.
This gene is a key regulator of branch formation during trichome cell morphogenesis and
influences the propensity of sim mutant trichomes to divide, suggesting a link between
the cell cycle and control of cell shape. The gene encodes a novel protein that interacts
directly with the gene product of STI, another key regulator of trichome branching.
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3.2 Materials and Methods
3.2.1 Plant Material and Growth Conditions
Arabidopsis thaliana ecotypes used in this study were derived from both
Columbia and Landsberg erecta ecotypes. The loss of function line SAIL_632_G06.V1
(Columbia ecotype) was obtained from ABRC. The origins of trichome mutant genotypes
used here have been previously described (Churchman et al., 2006; Ishida et al., 2008).
All plants were grown as previously described (Larkin et al., 1999).
3.2.2 Isolation of the ens1-1 Mutant
Homozygous seeds of sim-1 were mutagenized with ethyl methane sulfonate
(EMS) and collected as 37 pools of 300 M1 plants for a total of 11,100 M1 plants. To
screen for genetic modifiers of the sim-1 mutant trichome phenotype, approximately
2,000 M2 plants per pool were screened under a dissecting microscope. Plants possessing
a trichome phenotype that enhanced the multicellularity and clustering of the sim-1
mutant trichome phenotype were isolated and allowed to self. Plants that continued to
exhibit a modified sim-1 phenotype in the next generation were then backcrossed three
times to the sim-1 mutant to ensure that the resulting double mutant contained only the
new mutation and the sim-1 mutation. The resulting F3 plants were then crossed to Col-0
wild type and the F1 allowed to self, generating an F2 segregating population. Plants with
reduced trichome branching but with no trichome clusters (new mutant trichome
phenotype) were isolated from the segregating F2 population. The recessive nature and
monogenic segregation of the mutation was determined from the F1 and F2 of the cross
to Col-0. The F1 phenotype and the F2 segregating population showed that the ens1-1
mutation is recessive (WT= 56, ens1-1= 21, X2=0.212, p= 0.05, H0 = 3:1).
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The isolated mutant was then crossed to sim-1 to reconstruct sim-1;ens1 double
mutant phenotype confirming that the enhanced sim phenotype was due to the ens1-1
mutation. The ens1-1 mutant was crossed to sim-2, resulting in a similar phenotype as the
original ens1-1; sim-1 double mutant showing that the effect of the ens1-1 mutation is not
specific to a single sim allele.
3.2.3 Genetic Mapping and Isolation of ENS1 Gene
Using bulked segregant analysis (Lukowitz et al., 2000), the ens1 mutation was
mapped to a region on chromosome I. Genomic DNA from 971 plants from an F2
population of a cross between ens1-1 (Col) and Landsberg erecta (Ler) were tested by
PCR with molecular markers generated using the Cereon database of Columbia and Ler
polymorphisms (www.arabidopsis.org/cereon/index.jsp). Two CAPs markers, F13O11-4
and F1N19-7, were used to localize the ens1-1 mutation within a region of ~70kb, which
contained two overlapping BAC clones F1N19 and F13O11. The ens1-1 mutation was
identified by sequencing putative candidate genes and a G to A point mutation was
identified in the gene AT1G64690. For molecular complementation of ens1-1 mutation,
the genomic coding sequence of AT1G64690 together with 1447 bp upstream sequence
and 1228 bp downstream sequence was PCR amplified from the BAC clone FIN19 using
primers ENS1CF (5’- CACC TGT GAC AGA CTT GCT CCT AC-3’) and ENS1CR2
(5’-CAG CCA CAT AAG GAC CCG AC-3’). This fragment was cloned in to the
GATEWAY® (Invitrogen, Carlsbad, CA) pENTR vector following the manufacturer’s
protocol (http://www.invitrogen.com/contents/sfs/gatewayman.pdf). Error-free entry
clones were confirmed by sequence analysis before attL recombination into a
GATEWAY® destination vector pMDC100, a plant binary transformation vector, to
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create pMDC100/ENS1C-3.5, which was then used to complement the ens1-1 mutant
trichome phenotype.
3.2.4 Generation of Transgenic Lines
The full length ENS1 coding region was PCR amplified from the BAC clone
FIN19 using primers, ENSIF (5’CAC CAT GAA GGA TAT GAA GAT GCA GAG C
3’) and ENS1R1 (5’ TCA AGG AGG AGG AGA GGA GAG A 3’) with stop codon, or
ENS1R2 (5’-AGG AGG AGG AGA GGA GAG AAG AG 3’) without stop codon and
cloned into the GATEWAY® I (Invitrogen, Carlsbad, CA) vector pENTR following the
manufacturer’s protocol (http://www.invitrogen.com/contents/sfs/gatewayman.pdf).
Error-free entry clones were confirmed by sequencing before attL recombination into the
following GATEWAY® compatible destination binary vectors; overexpression,
pK2GW7; and trichome specific expression, pLEELA-pGL2 (Weinl et al., 2005). The
resulting plasmids were introduced into Agrobacterium tumefaciens by electroporation or
by the freeze-thaw method (Weigel and Glazebrook, 2002) and subsequently introduced
into plants via floral dip method (Clough and Bent, 1998). Transgenic plants were
selected on MS medium containing the relevant antibiotics and later transferred to soil.
3.2.5 Construction of Double Mutants
Double mutants were constructed by crossing ens1-1 with other genotypes
followed by self-pollination of the F1. Putative double mutants (plants with a novel
trichome phenotype) were identified from the F2 segregating population. When it was
difficult to identify double mutants from the F2 segregating population, plants displaying
the ens1-1 trichome phenotype were selected from the F2 segregating population and
allowed to self. Putative double mutants were then identified segregating in the F3
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population. Putative double mutants were confirmed by backcrossing to wild-type plants
and the subsequent F2 population examined for segregation of the original parental
mutant phenotypes as well as by complementation or sequencing.
3.2.6 Microscopy
The in situ DNA content of trichomes was measured as previously described
(Walker et al., 2000), and the DNA values normalized to reported wild-type epidermal
cell nuclei values (Melaragno et al., 1993). Statistical analysis was done using SigmaStat
software (Systat software Inc., San Jose, CA). Flow cytometric analysis was performed as
previously described (Verkest et al., 2005).
Trichomes on wild type and other genotypes were examined using scanning
electron microscopy (SEM) as previously described (Larkin et al., 1999). To quantify
trichome branch numbers for each genotype, branches were counted on all trichomes on
the adaxial side of the first or second leaf from at least 10 plants.
3.2.7 Yeast Two-Hybrid Protein-Protein Interaction
Entry clones containing full length cDNA of ENS1 and full length STI or a
fragment cDNA of STI (S1t cDNA encoding the N-terminal 454 amino acids of STI)
were transferred to GATEWAY® compatible yeast two-hybrid vectors pAS-attR and
pACT-attR and also to BiFC pBatTL vectors (Uhrig et al., 2007) by LR recombination
following the manufacturer’s protocol
(http://www.invitrogen.com/contents/sfs/gatewayman.pdf) and used to transform yeast
strain AH109. ENS1 and STI were also fused with the C-terminal and N-terminal split
fragments of YFP respectively, and were co-bombarded into onion cells. The YFP
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emission from the BiFC complex served as an indicator of interaction between ENS1 and
STI proteins.
3.3 Results
3.3.1 Identification of ens1, a Genetic Enhancer of the sim Phenotype
The siamese-1 (sim-1) mutation is a loss-of-function mutation that results in
multicellular trichomes that occur in clusters (Figure 3.1B). The SIM gene encodes a
CDK inhibitor that binds to CYCD/CDK complexes and regulates the endoreplication
onset in Arabidopsis (Churchman et al., 2006). In the search for modifiers of the sim-1
mutant trichome phenotype, we identified a genetic modifier that enhanced the
multicellularity of the sim-1 mutant trichome phenotype (Table 3.1). This modifier
behaved as a recessive Mendelian mutation, and we named it enhancer of siamese1
(ens1). The single mutant of this modifier produces predominantly unbranched trichomes
on leaves (Figure 3.1E). Root growth analysis, plant size, growth rate, floral structure and
general plant appearance showed no difference between ens1-1 mutant plants and wildtype plants, suggesting that the ens1-1 mutation does not affect the growth habit of
Arabidopsis plants.
3.3.2 Phenotypic Analysis of the ens1-1 Mutant
To determine if ens1-1 affects trichome number and clustering, we counted the
number of trichomes, trichome initiation sites (TIS) and clusters on the first leaves of ten
plants of Col-0, ens1-1, gl3-1, try-JC and of double mutants ens1-1; gl3-1 and ens1-1;
try-JC (Table 3.2). There was no observed significant difference between ens1-1 and
wild-type in terms of the number of trichomes and TIS per leaf. There was no difference
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Figure 3.1 Identification of a genetic enhancer of sim multicellular trichomes.
(A) Wild-type trichome.
(B) sim-1 mutant trichome.
(C) ens1-1; sim-1 double mutant trichome phenotype.
(D) Cross section of ens1-1; sim-1 double mutant trichome.
(E) ens1-1 loss-of –function trichome phenotype.
(F) ens1-2 T-DNA knock-out line trichome phenotype.
Arrows in B and C indicate cell junctions and arrows in D indicate individual cells.
Bars = 50µm in (A) and (D), =100 µm in (B), (C), (E) and (F).

Table 3.1 The ens1-1 mutation increases the multicellularity of sim-1 mutant trichomes
Genotype
Col-0

No. of nuclei per TISa
1.0 ± 0.0

Total TISb
50

ens1-1

1.0 ± 0.0

47

sim-1

2.2 ± 1.2

64

ens1-1;sim-1 dm
9.8 ± 3.3
40
a
Number of nuclei per TIS were counted under a fluorescence microscope of DAPI stained
trichomes. Data shown are means ± SD.
b

Total number of TIS where nuclei were counted on first or second leaves. At least ten leaves
were used per genotype.
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Table 3.2 Frequencies of trichome initiation sites and trichome clusters in ens1-1, gl3-1,
try-JC and ens1-1; gl3-1, ens1-1; try-JC double mutants
Mean # of
Mean # of
Mean # of
Mean % trichomes in
Genotype
trichomes/leaf
TIS/leaf
trichomes/cluster clusters
Col-0
33.8 ± 6.9
33.8 ± 6.9
0.0 ± 0.0
0.0 ± 0.0
34.6 ± 3.5
34.6 ± 3.5
0.0 ± 0.0
0.0 ± 0.0
ens1-1
30.5 ± 3.1
29.9 ± 3.5
2.0 ± 0.0
5.4 ± 5.4
gl3-1
23.3 ± 3.1
21.1 ± 3.3
2.1 ± 0.3
20.5 ± 13.4
try-JC
ens1-1; gl3-1 dm 29.8 ± 4.1
28.9 ± 3.6
2.0 ± 0.0
5.7 ± 4.5
ens1-1; try-JC dm 24.1 ± 4.7
21.5 ± 4.0
2.0 ± 0.1
13.3 ± 8.2
TIS=Trichome initiation site; a site on the leaf where one or more contiguous trichomes originate.
All trichomes were counted on 10 first leaves per genotype.

in trichome clustering between gl3-1 and ens1-1; gl3-1 double mutant but there was
reduced trichome clustering in ens1-1;try-JC double mutant compared to the try-JC
single mutant (Table 3. 2). It appears the ens1-1 mutation restricts clustering in try-JC
mutants. These results suggest that though ENS1 may not be directly involved in the
regulation of trichome initiation, its presence enhances the clustering of try-JC mutants.
A closer examination of the ens1-1 mutant trichome under the SEM revealed that
trichome maturation is not affected by the mutation.
3.3.3 ENS1 Encodes a Protein of Unknown Function
The ens1 mutation was mapped to a region of approximately 70 kb on
chromosome I using the two CAPs markers F1N19-7 and F13011-4 on two overlapping
BAC clones, F1N19 and F13O11 respectively. Sequencing of candidate genes in this
region revealed a G to A point mutation in the gene AT1G64690 that changes the amino
acid tryptophan (TGG) to a stop codon (TGA) at codon number 64, deleting more than
70% of the encoded protein (Figure 3.2A). The sequence of independent PCR products
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A

Figure 3.2 ENS1 encodes a protein of unknown function that regulates trichome
branching.
(A) The ENS1 locus (AT1G64690). Sequence change in the ens1-1 mutant allele is
indicated. The ens1-2 mutant contains DAP101 T-DNA that deletes 1114 bp including
772 bp of the coding sequence and 341 bp of upstream sequence.
(B-E) Complementation of the ens1-1 mutation.
(B) Light micrograph of wild-type.
(C) Light micrograph of ens1-1 mutant trichome phenotype.
(D) Full complementation of ens1-1 mutant trichome phenotype by
pMDC100/ENS1~3.5.
(E) Partial complementation of ens1-1 mutant trichome phenotype by proGL2:ENS1.
Bars =1mm in (B) and (E), = 0.5 mm in (C) and (D)
spanning the region with the mutation identified the affected gene as the Arabidopsis
gene AT1G64690.
A SAIL T-DNA insertion line; SAIL-632-G06V1/CS827202 with an insertion in
the gene AT1G64690 has a trichome phenotype identical to ens1 (Figure 3.1F) and fails
to compliment the ens1 mutant trichome phenotype. The T-DNA insertion deletes 1114
bp including 772 bp of the coding sequence and 341 bp upstream of the coding sequence
(Figure 3.2A). The T-DNA insertion deletes 241 amino acids out of the total 273,
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completely abolishing the function of the protein. The SAIL line is therefore an amorphic
allele and double mutants created between ens1 and the SAIL line with sim-1 have a
multicellular trichome phenotype essentially identical to the original ens1; sim-1 double
mutant (Figure 3.3). The ens1 mutant is hereinafter referred to as ens1-1 while the SAIL
line is referred to ens1-2.

Figure 3.3 Interactions of ens1 with sim are not allele-specific.
(A) Scanning electron microscope of ens1-1; sim-1 double mutant.
(B) Scanning electron microscope of ens1-2; sim-1 double mutant.
(C) Scanning electron microscope of ens1-1; sim-2 double mutant.
(D) Scanning electron microscope of ens1-2; sim-2 double mutant.
Arrows indicate cell junctions. Bars B-E = 100 µm.
The ens1-1 mutant trichome phenotype was completely rescued by a genomic
DNA fragment including 1447 bp upstream of the start codon and 1228 bp downstream
of the stop codon (Figure 3.2D). The AT1G64690 coding sequence under the control of
both the cauliflower mosaic virus 35S promoter and the trichome specific GL2 promoter
partially complemented the ens1 mutant trichome phenotype (Figure 3.2E). Analysis of
AT1G64690 ESTs showed that there is no other gene upstream and down stream of the
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AT1G64690 coding region and the fact that the ens1-1 mutation creates a stop codon that
disrupts the protein suggest that AT1g64690 is the correct gene.
From these results, we established that ENS1 is AT1G64690. ENS1 encodes a
273-amino acid, 32.6 KD protein (pI=10.05) of unknown function. The ENS1 protein has
no close similarity to any protein of known function and therefore provides few clues
about its putative function during trichome development. It only has sequence similarity
to proteins of unknown function in Vitis vinifera (grape) and Populus trichocarpa and has
a domain with sequence similarity to sequences found in conserved domains of structural
maintenance of chromosome (SMC) or SMC-like proteins involved in chromosome
partitioning and cell division (Figure 3.2F).
3.3.4 ENS1 Is a Positive Regulator of Trichome Branching in Arabidopsis
In order to analyze the role of ENS1 in trichome branch formation, double
mutants were created between ens1-1 and other trichome branching mutants (Figure 3.5).
To quantify the effect of the ens1-1 mutation on trichome branch number, we counted the
number of branches per trichome on first leaves of at least ten plants of single and double
mutants (Table 3.3). Ninety-three percent of wild-type (Col-0) trichomes have 3 branches
and 7 % have 4 branches unlike, ens1-1 mutant trichomes, where ~83% of the trichomes
have one branch and 17% have 2 branches (Table 3.3). This observation indicates that
ENS1 acts as a positive regulator of trichome branch initiation.

3.3.5 Plants Overexpressing ENS1 Under the Control of 35S Promoter and the
Trichome Specific GL2 Promoter have Increased Branching
To investigate the role of ENS1 in plant development, transgenic plants
expressing 35S:ENS1 and proGL2:ENS1 were analyzed (Figure 3.6). In Col background,

75

A
Pt
Pt2
Vv
ENS1

------MEEVKVMMMSSLHHSMNESSPQDPITTTTCTSWKLYENPFYNSQHNIQHQHQQH 54
----------------------------------------------------------------------------------------------------------------------MKDMKMQSSPETMMTRIPTPDPHSTGVREDAMDSVCKPWKLYENPYYCSSQSQQHQHQR- 59

Pt
Pt2
Vv
ENS1

CQSNKHLHHLPLSARKIAASFWDLTFFRPIMDTELDFARAQILDLKAELEYERKARKKLE 114
-----------------------------------------------------------------------------------------MDSELDIARAQIIELKAELEFERKARKKVE 30
-----------------KAFIWDLNFIKVFMESELGKAQDEIKELKAELDYERKARRRAE 102

Pt
Pt2
Vv
ENS1

TMSKRLAKELAEERRGREALARVCEELAREISCDKEEIDHMKREMEEERKMLRMAEVLRE
----------------------------------------MKREMGEEREMIRMAEVLRE
SMNKRLAKDLNEERRGREAMERVCEVLAKEISSDKAEISWMKREIEEERKMLRMAEVLRE
LMIKKLAKDVEEERMAREAEEMQNKRLFKELSSEKSEMVRMKRDLEEERQMHRLAEVLRE
***:: ***:* *:******

174
20
90
162

Pt
Pt2
Vv
ENS1

ERVQMKLAEARMLFEEKLLELGGTTTQTELHHNSASRMEQKYQEDKEAEISTPFKAAAIL
ERVQMKLAEAKMLFEEKLLELVGTTTQAEPHQNSTSRMEQKSQEHKEPEIATPLKTTAIL
ERVQMKLADAKFLLEEKLLELE-VTKQTQVER-PSSKMEHKNQEDNGRGITTASAPAAIS
ERVQMKLMDARLFLEEKLSELEEANRQGERER--NRMMKPKILER--------------******* :*::::**** ** .. * : .:
*: * *

234
80
148
205

Pt
Pt2
Vv
ENS1

SSKLNRLVLSEKSCYDNSGADSKESTRVILSEMSSFNDKSRSISSMVIQRSRASPEPENP
SGQLN-----------------SESTGAILSEKPSFNDNTSSISSMVIQRSRASPEPENP
C---------------------GESARFIPGEKPTCNDSNAVVPSMAIQR-RASPETENP
-----------------------------------------ACSSPARRR------CENP
.* . :*
***

294
123
186
218

Pt
Pt2
Vv
ENS1

HIKRGIKGFVEFPRVIRAIGSKNRHWGTKLECQKAQLRILLKQKSPIRSNNLIIS--HIKRGMKGFVEFPRVVRAIGSKNKHRGTKLECQKAQLRILLKQKSPIRSNNLIVS--HIKRGIKGFVEFPRVVRAIGSRSRHLGTKLECQKAQLRILLKQKNPIRSNSLIMS--QIKRGIN---PFPRVMRAIRSKSEKWGSKLECQKVQLKILLRQKTTPRCTPLLSSPPP
:****::
****:*** *:..: *:******.**:***:**.. *.. *: *

349
178
241
273

B
ENS1
Vv1
Vv2
Os
Os
Pp1
Os
OS
Pp2
At1
At3

MKRDLEEERQMHRLAEVLREERVQMKLMDAR
MKREIEEERKMLRMAEVLREERVQMKLADAK
IREEVEEERKMLQMAEVWREERVQMKLVDAK
MRDEVEEEKKMLQMAEVWREERVQMKLVDAK
---ELEKEREMLRLADELREERVQMKLLEAR
---ELEEERRMLQLAEVWREERVQMKLIEAK
----LEKEREMLRLADELREERVQMKLLEAR
----LEKEREMLRLADELREERVQMKLLEAR
---ELEEERRMLQLAEVWREERVQMKLTEAK
LREEVDDERRMLQMAEVWREERVQMKLIDAK
LREEVDDERRMLQMAEVWREERVQMKLIDAK
::.*:.* ::*: ********* :*:

Figure 3.4 Alignment of conceptual translation of ENS1 reading frame with related
proteins. (A) Alignment of ENS1 to closely related proteins in Vitis vinifera and Populus
trichocarpa. (B) Shows amino acid sequence found in conserved domains of structural
maintenance of chromosomes (SMC) or SMC-like proteins.
Plant species abbreviations (Pt =Populus trichocarpa, Vv=Vitis vinifera, Os = Oryza
sativa, Pp = Physcomitrella patens, At = Arabidopsis thaliana
(At1= At1g50660, At3= At3g20350).

76

Figure 3.5 Scanning electron micrographs of mature leaf trichomes of wild-type,
ens1-1, other trichome branch number mutants and double mutants.
Bars =60 µm in (G) and (O), =100 µm in all the rest.
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Figure 3.5 cont’d
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Table 3.3 ENS1 is a positive regulator of trichome branching
No. of branch points (% of total)a

Genotype
0
Col-0
ens1-1
ens2-1
try-JC
nok
Kak2
rfi
gl3-1
ens1-1; ens2-1 dm
ens1-1;try dm
ens1-1;nok dm
ens1-1;kak2 dm
ens1-1;rfi dm
ens1-1;gl3-1 dm

1

2

3

4

5

6

≥7

No. of
trichomesb

0.0
82.9
0.3
0.0
0.0
0.0
0.0
63.2
100.0
55.7
34.3
16.9
56.4

0.0
17.1
81.5
0.0
1.5
0.0
0.0
33.5
0.0
37.8
65.1
83.1
43.3

93.4
0.0
18.2
1.3
26.1
0.6
0.4
3.2
0.0
6.5
0.6
0.0
0.3

6.6
0.0
0.0
11.5
50.7
14.5
21.3
0.0
0.0
0.0
0.0
0.0
0.0

0.0
0.0
0.0
36.5
20.1
33.0
36.8
0.0
0.0
0.0
0.0
0.0
0.0

0.0
0.0
0.0
36.2
1.5
35.8
31.6
0.0
0.0
0.0
0.0
0.0
0.0

0.0
0.0
0.0
12.2
0.0
11.7
7.6
0.0
0.0
0.0
0.0
0.0
0.0

0.0
0.0
0.0
2.3
0.0
4.3
2.2
0.0
0.0
0.0
0.0
0.0
0.0

244
258
258
304
134
324
225
151
467
246
169
242
307

97.7

2.3

0.0

0.0

0.0

0.0

0.0

0.0

299

a

% of trichomes having the indicated number of branch points (1 branch point indicates a
trichome with two branches). Counts were made on ten first or second leaves per genotype.
b
total number of trichomes on which branches were counted

plants overexpressing 35S:ENS1 have increased branching with about 40% of the
trichomes counted having 4 or more branches while in ens1-1 background, only 2.4% of
trichomes counted had 4 branches (Table 3.4). Overexpressing ENS1 by the trichome
specific GL2 promoter results in increased branching in Col-0 background with nearly
77% of the trichomes counted having 4 or more branches. In ens1-1 background, only
0.3% of the trichomes counted from the strongest transgenic lines had 4 branches (Table
3.4). These results suggest that overexpression of ENS1 increases trichome branch
initiation in wild-type background but has a limited effect on branching in the ens1-1
mutant background.
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Figure 3.6 Plants overexpressing ENS1 have increased branching.
Scanning electron microscope of (A) Col-0 wild-type, (B) ens1-1 mutant trichome, (C)
35S:ENS1 in Col-0 background (D) 35S:ENS1 in ens1-1 background (E) proGL2:ENS1
in Col-0 background and (F) proGL2:ENS1 in ens1-1 background. Bars = 100 µm in (A)
to (F).

Table 3.4 Plants overexpressing ENS1 have increased branching
No. of branch points (% of total)a
Genotype

0

Col-0
ens1-1

1

2

3

0.0

0.0

95.4

87.0

13.0

35S:ENS1 in Col-0

0.0

35S:ENS1 in ens1-1

4

5

4.6

0.0

0.0

0.0

295

0.0

0.0

0.0

0.0

0.0

321

0.0

61.8

36.9

1.3

0.0

0.0

293

0.0

33.9

68.8

2.4

0.0

0.0

0.0

304

proGL2:ENS1 in Col-0

0.0

1.3

21.7

37.8

25.1

11.4

2.7

299

proGL2:ENS1 in ens1-1

2.9

45.4

51.4

0.3

0.0

0.0

0.0

350

a

6

No. of
trichomesb

% of trichomes having the indicated number of branch points (1 branch point indicates a
trichome with two branches). Counts were made on ten first or second leaves per genotype.
b
total number of trichomes on which branches were counted.
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3.3.6 ENS1 Functions in a Pathway Parallel to that of gl3-1 During Trichome Cell
Differentiation
The gl3 mutation has pleiotropic effects on trichome development; gl3 mutants
have aborted trichomes on the first leaves, reduced trichome branch number, reduced
trichome nuclear DNA content, increased trichome clustering and a decrease in trichome
cell size (Hülskamp et al., 1994; Payne et al., 2000). GL3 therefore is a positive regulator
of trichome cell-fate determination and controls trichome branching via the
endoreplication pathway. Double mutants between ens1-1 and gl3 have predominantly
unbranched trichomes, have no aborted trichomes on first leaves and have an equal
percentage of trichomes in clusters (Figure 3.5; Table 3.2; Table 3.3). These observations
suggest that gl3 is epistatic to ens1-1 with respect to clustering but has an additive effect
with respect to trichome branch number, indicating that ENS1 and GL3 act independently
in the regulation of trichome branch number.
3.3.7 The ens1-1 Mutant Is Largely Epistatic to Mutants that Increase Trichome
Branching
Double mutants between ens1-1 and negative regulators of trichome branch
formation rfi, kak-2, nok, try-JC, gl3-shape shifter (gl3-sst) and proGL2:GL3 have
reduced branching compared to single mutants. Single mutants of kak-2, nok, and try-JC
have the majority of their trichomes with 4 or more branches while the ens1-1 single
mutant has the majority of its trichomes with only one branch. The double mutants
between ens1-1 and these mutants have majority of their trichomes with 2 or fewer
branches suggesting that ens1-1 mutation restricts branching in these mutants (Figure 3.5;
Table 3.3).
The rfi mutant is due to a C to T point mutation in the GL3 gene that converts
codon 116 GCC (Ala) to GTC (Val) and results in large trichomes with increased
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branching unlike the gl3-1 that has smaller trichomes with reduced branching. Based on
the phenotypes of gl3-1 and rfi mutants, the rfi mutation is a gain of function mutation.
As was the case with kak-2, try-JC and nok, double mutants of ens1-1 and gl3 gain-offunction mutants, rfi, gl3-shape shifter (gl3-sst) and a GL3 overexpressor, proGL2:GL3
also had the majority of their trichomes with 2 or fewer branches (Figure 3.5; Table3.3).
These observations suggest that ens1-1 and these mutations influence each other during
trichome cell differentiation and that ENS1 is required to achieve the supernumerary
branching phenotype observed in these mutants.
3.3.8 ENS1 Plays No Direct Role in Endoreplication but ens1-1 Mutants Limit
Increased Endoreplication in try-JC Mutants
A positive correlation exists between the number of branches on a trichome and
its level of endoreplication in some branching mutants (Ishida et al., 2008). The ens1-1
mutation results in trichomes with reduced branching (Figure 3.1E). To establish if the
reduced branching in the ens1-1 mutant is as a result of reduced endoreplication in the
trichome nuclei, we determined the relative nuclear DNA content of DAPI stained nuclei
of ens1-1, sti and Col-0 trichomes. The sti mutants have reduced branching but have
nuclear DNA contents similar to that of wild type (Ilgenfritz et al., 2003). The data are
represented in terms of relative fluorescence units (RFU) after being normalized to that
for Col-0. The ens1-1 trichome nuclei have RFU values comparable to those of wild type
(Figure 3.7A) (Mean WT= 32C, ens1-1= 34C, sti= 36C). Flow cytometry data of 21-dayold cotyledons and leaves show endoreplication in these two organs in ens1-1 mutant is
comparable to that in Col-0 (Figure 3.7B). Taken together, these results suggest that the
ens1-1 mutation decreases trichome branch formation without altering the ploidy level of
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cotyledon, leaf epidermal pavement cell and trichome nuclei and therefore the ENS1 gene
product regulates trichome branching in an endoreplication-independent pathway.
Mutations in the TRY gene result in increased branching, increased
endoreplication and increased clustering. The try mutant has an average nuclear DNA
content of 64C (Ishida et al, 2008) while the ens1-1 mutant has an average nuclear DNA
content of 32C (Figure 3.7A). The nuclear DNA content of ens1-1; try-JC double mutant
was intermediate between that of ens1-1 and try-JC( Col-0= 32C, ens1-1= 30C, try-JC=
66C, ens1-1; try-JC= 52C) (Figure 3.7C) suggesting that ens1-1 and try-JC mutants
influence each other with respect to trichome nuclear DNA content. This observation
suggests that a lack of ENS1 function restricts endoreplication in try-JC mutants hence
limiting their branching ability.
3.3.9 ENS1 Interacts Both Genetically and Physically with STI, another Positive
Regulator of Trichome Branching
Plants homozygous for both the sti mutation and the ens1-1 mutation produced
only unbranched trichomes (Figure 3.8 D, Table 3.5), essentially identical to the two
single mutants. This observation suggests that ENS1 and STI gene products function in
the same pathway during trichome cell morphogenesis. Indeed, partial intergenic noncomplementation was observed in the F1 of crosses between ens1-1 and sti (Figure 8E).
Approximately 25 to 30% of the trichomes on F1 first leaves of the cross between ens1-1
and sti had two branches in contrast to 3 to 4% on the F1 first leaves when either mutant
was crossed to wild-type (Col-0) (Table 3.5). Failure to fully complement each other in
the F1 suggests that ENS1 and STI are both required for the same step of trichome branch
development. Our hypothesis was further supported by results from protein-protein
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Figure 3.7 Nuclear DNA content analysis of Col-0, ens1-1, sti and try-JC
(A) ens1-1 and sti have the same relative nuclear DNA content as Col-0
(B) Nuclear DNA content of 21-day–old cotyledons (upper graph) and leaves (lower
graph) of Col-0 and ens1-1 as determined by flow cytometry
(C) The ens1-1 mutation restricts endoreplication in try-JC mutants
In (A) and (C), DNA contents of DAPI-stained nuclei are presented as Relative
Fluorescent Units (RFU), normalized to 32 RFU for Col-0, based on an assumed DNA
content of 32C for wild-type trichome nuclei. Measured RFU values should therefore
correspond approximately to DNA contents. Data are presented as Box plots, where the
box encompasses the 25th through the 75th percentile of the data, the line within the box is
the median (50th percentile), and the error bars represent the 5th (lower bar) and the 95th
(upper bar) percentiles (Brininstool et al., 2008).
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interaction tests using both the yeast two-hybrid system and an in planta split-YFP
approach. In the yeast two-hybrid system, the N-terminal sequence representing 454
amino acids of STI cDNA was used as a bait while full length cDNA of ENS1 was used a
prey. In both systems, interaction between ENS1 and STI was observed (Figure 3.8G and
H), suggesting that ENS1 and STI proteins probably form a protein complex required for
trichome branch initiation.
3.4 Discussion
3.4.1 ENS1 Is a Regulator of Cell Shape Required for Trichome Branch Initiation
Studies on trichome cell differentiation have led to identification of numerous
mutants with altered shape and size (Folkers et al., 1997; Larkin et al., 2003; Ishida et al.,
2008; Exner et al., 2008). Mutants with altered branch numbers are divided into two
groups; in one group, the level of endoreplication is positively correlated with the size
and number of branches e.g. in gl3 and try-JC mutants. GL3 encodes a bHLH protein that
positively regulates trichome endoreplication and branching (Payne et al., 2000) while
TRY encodes a single-repeat MYB protein that negatively regulates trichome
endoreplication and branching (Ishida et al., 2008). In the second group, branch number
is independent of the level of endoreplication e.g. in sti and nok mutants. STI encodes a
protein with sequence similarity to a eubacterial DNA-polymerase III γ-subunits and
positively regulates trichome branching independent of DNA endoreplication (Ilgenfritz
et al., 2003), while NOK which encodes a MYB transcription factor, negatively regulates
trichome branching also independent of DNA endoreplication. GL3 and TRY both
regulate cell size/cell growth-dependent trichome branching but in opposite ways, GL3 is
a positive regulator while TRY is a negative regulator and gl3 is epistatic to try
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Figure 3.8 ENS1 interacts genetically and physically with STI.
Scanning electron micrographs of (A) Col-0 WT, (B) ens1-1 mutant trichome, (C) sti
mutant trichome, (D) ens1-1; sti double mutant trichome, (E) and (F) ens1-1 +/+ sti F1
trichome phenotype. Bars in (A) to (F) = 100 µm.
(G-J) Yeast two-hybrid interaction of ENS1 with STICHEL. Yeast strain AH109 cells
co-expressing bait and prey plasmids were allowed to grow on -Trp/-Leu plates and then
on -Trp/-Leu/-His+3AT to test for interaction. (G) pBD-S1t/pAD-ENS1, (H) pBDSNF1/pAD-SNF4 (positive control), (I) pBD-S1t/pAD-GUS (negative control) and (J)
pBD-GUS/pAD-ENS1 (negative control
(K) and (L). Confocal images of interactions between ENS1 and STICHEL using BiFC.
ENS1 and STICHEL fused with the C-terminal and N-terminal split fragments of YFP,
respectively, were co-bombarded into onion cells. The YFP emission from the BiFC
complex serves as an indicator of the interaction between ENS1 and STICHEL proteins.
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Table 3.5 ENS1 interacts with STI during trichome development
No. of branch points (% of total)a
Genotype

No. of trichomesb

Col-0

0.0

1
0.0

ens1-1

90.7

9.3

0.0

0.0

0.0

236

sti

99.7

0.3

0.0

0.0

0.0

292

Col-0 + ♀/+ ens1-1♂ F1

0.0

2.7

97.3

0.0

0.0

480

Col-0 + ♂/ + ens1-1♀ F1

0.0

3.8

95.7

0.4

0.0

446

Col-0 +♀ /+ sti ♂ F1

0.0

2.8

96.8

0.4

0.0

497

Col-0 +♂/+ sti♀ F1

0.0

4.0

95.3

0.7

0.0

450

ens1-1♀ +/+ sti ♂ F1

0.0

25.2

74.8

0.0

0.0

353

ens1-1 +♂ /+ sti♀ F1

0.0

31.3

68.7

0.0

0.0

399

100.0

0.0

0.0

0.0

0.0

368

ens1-1;sti double mutant

0

2
78.0

3
12.8

4
0.2

392

a

% of trichomes having the indicated number of branch points (1 branch point indicates a
trichome with two branches). Counts were made on ten first or second leaves per genotype.
b
total number of trichomes on which branches were counted.

(Folkers et al, 1997), indicating they act in the same pathway during trichome
differentiation.
A new mutant in trichome branch number ens1-1, has the same number of TIS as
wild-type plants and does not form trichome clusters suggesting that ENS1 is not
involved in trichome cell fate decisions. The ens1-1 mutant also has reduced trichome
branching but with normal ploidy level as wild-type trichomes indicating that ENS1
regulates trichome branch number in an endoreplication-independent pathway like STI,
ZWI, AN, and CAF1 (Oppenheimer et al., 1997; Folkers et al., 2002; Ilgenfritz et al.,
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2003; Exner et al., 2008). Double mutants of ens1-1 and gl3-1 showed an additive effect
with respect to trichome branch number suggesting ENS1 and GL3 regulate trichome
branching in parallel pathways. We also observed that double mutants between ens1-1
and try-JC have an intermediate branching phenotype between that of ens1-1 and try-JC
single mutants, suggesting that ENS1 regulates trichome branching in a pathway parallel
to that of TRY. Since GL3 and TRY act in the same pathway during trichome cell
differentiation, it appears ENS1 functions in a pathway parallel to the GL3-TRY
endoreplication-dependent pathway.
3.4.2 Negative Regulators of Trichome Branching Require ENS1 for Their
Supernumerary Branching
The amino acid sequence analysis of the ENS1 protein provides very few clues as
to its function(s) in trichome cell differentiation. In an effort to shed more light on the
possible role of ENS1 in trichome cell differentiation, we constructed double mutants
between ens1-1 and known mutants of trichome branch number.
Mutations in the KAK, RFI, GL3-SST and TRY genes result in increased
endoreplication and supernumerary branching (Hülskamp et al., 1994, Perazza et al.,
1999; Ishida et al., 2008). Analysis of ens1-1; try-JC double mutants provided us with a
clue about the role of ENS1 in trichome cell morphogenesis. We have already predicted
that ENS1 regulates trichome branching in an endoreplication-independent pathway
parallel to the GL3-TRY pathway, supporting the view that branching in Arabidopsis
trichomes is not entirely controlled by cell size/cell growth. The ens1-1; try-JC double
mutants have an intermediate nuclear DNA content between the averages of ens1-1 and
try-JC single mutants, suggesting loss of ENS1 function in ens1-1; try-JC double mutant
restricts the endoreplication process in the try-JC, limiting trichome branching. It appears
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that the increased endoreplication and supernumerary branching in the try-JC mutant
requires ENS1. So far, the molecular mechanism by which ENS1 loss-of-function restricts
endoreplication in the ens1-1; try-JC double mutants remains unknown. In the
endoreplication cell cycle, DNA replication during the S-phase is not followed by mitosis
and cytokinesis leading to an increase in DNA content of the cell beyond 2C, the diploid
state. The G1/S phase in the cell cycle is regulated by CYCD/CDK complexes. It appears
ENS1 influences endoreplication in try-JC mutants by acting as a weak positive regulator
of cyclin D or CYCD/CDK complexes. In the ens1-1; try-JC double mutant, a mutant
ens1-1 fails to drive the endoreplication process to the required level, limiting the
endoreplication-dependent branching in the try-JC mutant. The ENS1 protein sequence
has an amino acid domain that is similar to a sequence of amino acids found in conserved
domains of structural maintenance of chromosome (SMC) or SMC-like proteins that are
involved in chromosome partitioning and cell division. This provides us with a clue that
ENS1 may be involved in cell cycle regulation during trichome development.
KAKTUS (KAK) encodes a HECT-domain E3 ligase and kak mutant trichomes
like try-JC have increased ploidy level and supernumerary branches (Downes et al.,
2003). The rfi and gl3-sst mutants are gl3 gain-of-function mutants that result in
increased endoreplication and supernumerary branching (Esch et al., 2003; Marks et al.,
2007; this dissertation). The ens1-1; kak-2 and ens1-1; rfi double mutants also have an
intermediate number of trichome branches between ens1-1 and the individual mutants
with supernumerary branching (Figure 5; table 3), suggesting all these mutants also
require ENS1 for their increased branching just like the kak-2 mutant requires
CHROMATIN ASSEMBLY FACTOR 1 (CAF1) for endoreplication and increased
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branching (Exner et al., 2008). CAF1 trichome mutants have increased branching but
with normal ploidy level. CAF1 is proposed to prevent excessive rounds of DNA
endoreplication and is perhaps required for kinetochore formation in yeast and humans
(Exner et al., 2006).
3.4.3 ENS1 Regulates Both Primary and Secondary Branching Events
Mutations in ENS1 result in trichomes that are mostly unbranched while
mutations in TRY results in trichomes with supernumerary branches. In try mutants,
increased cell size/cell growth results in supernumerary branches that are a product of
secondary branch points (Folkers et al., 1997). Secondary branching depends on the cell
size/cell growth and is initiated in response to a branch promoting factor (BPF). The
amount of BPF determines the number of secondary branching events (Folkers et al.,
1997). ENS1 together with STI and NOK affect branching without affecting cell size/cell
growth, mutations in these genes therefore affect the availability or stability of the BPF.
Analysis of ens1-1; try-JC double mutant trichomes revealed that they have 1, 2
and 3 branches (Figure 3.9), suggesting the try mutation partially rescues the ens1-1
mutant allowing the double mutant to undergo secondary branching, with the try-JC
mutant supplying BPF. Consistent with this line of argument, the ens1-1 mutant can be
said to have no or little BPF since it does not undergo secondary branch formation. The
suggestion that primary branching only requires a minimal critical cell size may be
applicable only to endoreplication-dependent branch mutants. It looks like primary
branching requires a minimum critical cell size and ENS1 activity as is the case with STI
(Folkers et al, 1997). This is because more than 80% of ens1-1 mutant trichomes lack
primary and secondary branching events yet they have normal endoreplication.
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Figure 3.9 ENS1 regulates both primary and secondary branching events.
(A) Wild-type trichome.
(B) try-JC mutant trichome phenotype.
(C) ens1-1 mutant trichome phenotype.
(D) - (H) Various trichome phenotypes of ens1-1; try-JC double mutant.
White arrows indicate primary branching site and the black arrow indicates secondary
branching site.
Bars = 100µm in (A) to (H).
Most trichomes of ens1-1; try-JC double mutant also lack primary and secondary
branching events as a result of ENS1 loss-of-function. Although primary and secondary
branching events are genetically distinct (Folkers et al., 1997), the lack of both primary
and secondary branch points in the ens1-1 single mutant and in the ens1-1;try-JC double
mutant indicates that ENS1 is required in both branching events.
3.4.4 ENS1 Requires Upstream and/or Downstream Sequences to be Fully
Functional
Most genes require sequences downstream and/or upstream of the coding
sequence to be fully functional. Such sequences may be part of the transcription complex
required to successfully drive the process of transcription. This requirement for sequences
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upstream or downstream of a gene for normal gene expression has been reported for the
Arabidopsis GL1 gene (Larkin et al., 1993), pea ferredoxin1gene (Elliot et al., 1989) and
oilseed rape AX92 gene (Dietrich et al, 1992). While overexpression of the ENS1 gene
under the control of the 35S promoter and the trichome specific GL2 promoter in wildtype background results in trichomes with increased branching, the same gene constructs
only partially complement the ens1-1mutant trichome phenotype. Full complementation
of the ens1-1 mutant trichome phenotype was achieved using the ENS1 coding sequence
including 1447 bp upstream of the start codon and 1228 bp downstream of the stop
codon, demonstrating that sequences upstream and/or downstream of ENS1 coding region
are required for ENS1 to be fully functional in trichome cell differentiation. Evidence that
we are dealing with the correct gene and that there is no other gene in this region came
from analysis of AT1G64690 ESTs, and the fact that the ens1-1 mutation deletes most
part of the ENS1 protein.
3.4.5 ENS1 Enhances the Multicellularity of sim Homozygotes
The sim-1 mutation is a loss-of-function mutation and results in multicellular
trichomes with reduced endoreplication that occur in pairs unlike wild-type trichomes
that are unicellular. This observation implies endoreplication cycles can be changed into
mitotic cycles, suggesting Arabidopsis trichomes are evolutionarily derived from
multicellular forms (Schnittger and Hülskamp, 2002c). SIM encodes a CYCD/CDK
inhibitor and regulates the onset of endoreplication in Arabidopsis (Churchman et al.,
2006). The ens1-1 mutation results in reduced branching but with normal
endoreplication. The double mutant of ens1-1 and sim-1 has an increased number of
nuclei per TIS implying the ens1-1 mutation enhances the dividing and clustering of the
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sim-1 mutant trichomes. One possible explanation is that ENS1 positively regulates
CYCD/CDK activity in some unknown fashion and is required by SIM to inhibit mitosis
and trichome clustering but ENS1 is not absolutely essential for this function since
mutations in ENS1 do not result in clustering and multicellular trichomes.
3.4.6 ENS1 Interacts with STI in the Regulation of Trichome Cell Differentiation
We have shown from the interaction of ens1-1 with try-JC and gl3-1 that ENS1
regulates trichome branching in an endoreplication-independent pathway. The STICHEL
(STI) gene also regulates trichome branching in an endoreplication-independent pathway
(Ilgenfritz et al., 2003). To test if ENS1 and STI function in the same pathway during
trichome cell morphogenesis, we crossed ens1-1 and sti mutants and analyzed the
phenotypes of both the F1 transheterozygotes and double mutants. The phenotypes of F1
transheterozygotes and double mutants were not dependent upon which mutant was the
pollen donor. Analyses of the F1 phenotypes revealed that ens1-1 and sti mutants fail to
complement each other and the double mutant phenotype indicates that sti is epistatic to
ens1-1, suggesting that that ENS1 and STI function in the same pathway. Our analysis of
double mutants of ens1-1 and other trichome branch mutants (gl3-1, try-JC, rfi, gl3-sst,
nok) and the double mutants; sti; try, sti; gl3-1, and sti; nok (Ilgenfritz et al., 2003) are
consistent with our hypothesis that ENS1 and STI function in the same pathway. We
established using yeast two-hybrid system and the in planta split-YFP system that ENS1
and STI gene products physically interact suggesting that ENS1 and STI act together to
ensure normal trichome cell morphogenesis.
Exner et al. (2008) showed that sti is epistatic to caf1 and CAF1 and KAK
function in parallel pathways in trichome cell differentiation. CAF1 and STI therefore
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function in the same pathway during trichome differentiation. Our model suggests that
ENS1and STI act as a complex to positively regulate trichome branching and CAF1 acts
upstream of STI/ENS1 complex in an endoreplication-independent pathway parallel to
that of GL3-TRY to positively regulate trichome branching. ENS1 also positively
regulates endoreplication, though in a subtle way. On the other hand, NOK negatively
regulates trichome branching with the end result being the achievement of a wild-type
trichome phenotype (Figure 3.10).

Figure 3.10. A model for the role of ENS1 in the regulation of Arabidopsis trichome
branching.
Branching is regulated by positive and negative regulators. Arrows with pointed heads =
positive regulation, arrows with flat heads = negative regulation. Solid lines indicate
interactions with experimental evidence, broken line indicates what we hypothesize.
Our results indicate that ENS1 plays a role in coordinating branching and
endoreplication during trichome cell differentiation suggesting a link between the cell
cycle and control of cell shape. We have shown that try-JC, kak2, rfi, gl3-sst, and nok,
require ENS1 to develop their supernumerary branching. Our findings also indicate that
ENS1 is regulates both primary and secondary branching events and that ENS1 and STI
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interact in regulating branch formation in Arabidopsis trichomes. Although the nature of
the ENS1 protein sequence does not reveal much about how it regulates endoreplication
and trichome branching, the isolation of the ENS1 gene provides us with yet another tool
for unraveling the molecular mechanisms regulating trichome cell morphogenesis. A
search for phenotypic modifiers of ens1-1 may reveal other interactors of the ENS1
protein and shed more light on the role of ENS1 in trichome cell morphogenesis.
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CHAPTER 4
GENETIC MODIFIER SCREENS UNRAVEL DEVELOPMENTAL
AND BIOCHEMICAL PATHWAYS
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4.1 Genetic Modifier Screens Unravel Developmental and Biochemical Pathways
One strategy for the identification of genes functioning together in the same
process that is often effective is the isolation of phenotypic modifiers. This approach
involves subjecting a known mutant to mutagenesis and screening for mutants that
modify its phenotype. The modifiers can be enhancers (worsen the primary phenotype) or
suppressors (suppress or alleviate the primary phenotype). Modifier screens have been
used to find missing components of developmental and biochemical pathways in both
animals and plants. Two well known model systems where genetic modifier screens have
been applied to find the missing links in various pathways are Drosophila (Johnston,
2002) and Arabidopsis (Page and Grossniklaus, 2002).
One of the most successful applications of modifier screens in Drosophila is the
one carried out to find the components in the signal-transduction pathway downstream of
SEVENLESS (SEV), a protein tyrosine kinase (PTK) or receptor tyrosine kinase (RTK).
The SEV gene is involved in the development of the Drosophila compound eye. The
compound eye of Drosophila has 800 repeating units called ommatidia and each
ommatidium consists of 8 photoreceptors and 12 accessory cells. In null mutants of sev
the ommatidium lacks a special photoreceptor, the R7 cell. SEV therefore acts as a
receptor of a signal that determines whether the presumptive R7 cell becomes a
photoreceptor or a non-neuronal cell (Simon et al., 1991, Simon, 1994). In sev mutant
flies, that cell that would normally become the R7 receptor develops as a non-neuronal
cone cell.
In a screen for enhancers of sev, Simon et al. (1991) identified seven loci, two of
them encoding proteins that are involved in the signaling pathway initiated by SEV i.e.
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RAS1and SON OF SEVENLESS (SOS). Other modifier screens identified the proteins
that are involved in signaling from SEV via SOS to RAS1 (Simon et al., 1993; Allard et
al., 1996).
The Drosophila RAP/FZR gene is involved in neural patterning by regulating the
timely exit of precursor cells and is an activator of the PAC/C. In a genetic modifier
screen to identify genes that interact with RAP/FZR, a total of 40 genes were isolated.
Seven of the genes are regulators of cell cycle progression while others play other cellular
roles like transcription regulation, proteolysis and signal transduction (Kaplow et al.,
2007). These results show that in addition to cell cycle regulation, the Drosophila
RAP/FZR gene also regulates protein degradation in the developing nervous system and
other tissues by interacting with many different genes. The application of genetic
modifier screens in plants has been productive in identifying genes that function in
various aspects of plant development.
In Arabidopsis thaliana, genetic modifier screens have been used a lot in
identifying genes functioning in the same or parallel pathways. Two examples worth
mentioning are enhancers of the crabs claw (crc) mutant (Eshed et al., 1999) and
suppressors of deetiolation (det) mutant (Pepper and Chory, 1997). The CRC gene is
involved in establishing polar differentiation of lateral organs such as leaves and floral
organs. Carpel polarity ensures that the formation of the placental tissue and ovules occur
on the internal and not the external side of the carpel. Loss-of-function crc mutants have
defects in carpel and nectary development with no obvious defects in polar
differentiation. In the search for genetic enhancers of crc, two homozygous mutations
pickle (pkl) and kanadl1 (kan1) enhanced the crc mutant phenotype. Each mutation in crc
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background resulted in dramatic morphological changes that included new carpel
phenotypes with severe defects in polarity. The crc; pkl and crc; kan1 double mutants had
ectopic placentae and ovules on the external side of Arabidopsis carpels. This modifier
screen led to the identification of two genes PICKLE (PKL) and KANADI1 (KANI) and
that were found to function in the same pathway as CRC in establishing carpel polarity in
Arabidopsis (Eshed et al., 1999).
Pepper and Chory (1997) used a suppressor screen to identify genetic modifiers of
deetiolation1 (det1). Mutants in DET1 gene resemble light-grown plants when grown in
complete darkness. In the dark, det1 seedlings have short hypocotyls, open and expanded
cotyledons and visible leaf primordia. They eventually make a full set of leaves and
flower in complete darkness (Pepper et al, 1994). The DET1 gene therefore encodes a
negative regulator of seedling deetiolation responses. In this modifier screen, Pepper and
Chory identified suppressor mutants that reversed the det phenotype and called them ted
mutants. They identified genes that are involved in flowering time and light-response
regulatory pathways like DET1 .The work of Pepper and Chory helped elucidate the
light-response regulatory pathways in Arabidopsis. Two reviews highlighting the
importance of genetic screens in Drosophila and Arabidopsis are by Johnston (2002) and
by Page and Grossniklaus (2002) respectively.
The strategy of identifying genes functioning in the same pathway using genetic
modifier screens has been used in our own research group. After identification of the SIM
gene and it is proposed role in the cell cycle as an inhibitor of mitosis during the
establishment of the endoreplication cell cycle (Walker et al., 2000), the next question for
the Larkin research group was; what other genes function in the same pathway as SIM in
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regulating the cell cycle during trichome development? Given that the cell cycle is highly
integrated, we hypothesized that the SIM gene interacts directly or indirectly with other
cell cycle components. We therefore set out to screen for phenotypic modifiers of the sim
mutant trichome phenotype. In the screen, we identified seven mutants that enhanced the
multicellularity and clustering of sim trichome phenotype. Six of them were allelic
defining the ENS2 gene and the remaining one defining the ENS1 gene. The two genes
ENS1 and ENS2 are the subjects of chapter 3 and 2 of this dissertation respectively.
The ENS1 gene encodes a protein of unknown function that has a domain that is
conserved in SMC proteins that are involved in chromosome partitioning and cell
division. The ENS1 protein appears to have a weak effect on its own on the cell cycle
which is only uncovered in sim or try mutant backgrounds. The ENS1 protein is involved
in control of cell shape/branching in trichomes and perhaps interacts with cyclin D or
cyclin D/CDK complexes at the G1/S transition to regulate the endoreplication cell cycle
during trichome development. It therefore probably functions in the same pathway as the
SIM protein (Figure 4.1).
The ENS2 gene encodes a protein that functions as a substrate specific activator of
the APC/C and operates at the G2/M phase in the cell cycle. The ENS2 protein targets
mitotic cyclins for degradation during the switch from mitosis to the endoreplication cell
cycle. Identification of the ENS2 gene enabled us to uncover a parallel pathway to that
one of SIM in the regulation cell cycle during trichome development (Figure 4.1).
Using the genetic modifier screen strategy, we were able to isolate two more
genes that play important roles in regulating the cell cycle during trichome development.
The isolation and characterization of SIM (Churchman et al., 2006), ENS1 and ENS2 (this
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Figure 4.1 Proposed roles of ENS1 and ENS2 in the regulation of the cell cycle.
Arrows with pointed heads = positive regulation, arrows with flat heads = negative
regulation. Broken line with ? indicates what we hypothesize from our results in this
dissertation.
dissertation) has shed more light on the regulation of the cell cycle during trichome
development. Indeed, genetic modifier screens represent a powerful tool that can be used
to search for more or missing components of various developmental or biochemical
pathways in both plants and animals. Through the use of tailor-made genetic
backgrounds, this strategy will enable scientists to address even more complex processes.
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CHAPTER 5
CONCLUSIONS
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5.1Conclusions
Using a genetic modifier screen and Arabidopsis thaliana trichomes as a model
system, we isolated and characterized two genes, ENHANCER OF SIAMESE1 (ENS1)
and ENHANCER OF SIAMESE2 (ENS2. The ENS2 gene encodes a CDH1-like protein
AtCCS52A1 that functions as a substrate specific activator of the APC/C, a multisubunit
protein complex that targets proteins for degradation by the 26S proteasome. Highly
ordered and regular proteolysis of the cell cycle regulatory proteins ensures that the cell
cycle progresses in a unidirectional manner. ENS2 is involved in the exit from mitosis
during the establishment of endoreplication by targeting mitotic cyclins for degradation.
Evidence of its role in the endoreplication cell cycle comes from overexpression studies.
Overexpressing ENS2/AtCCS52A1 and its close Arabidopsis homologue
CDH1/AtCCS52A2 results in dwarf plants with highly endoreplicated leaf epidermal cells
with enlarged nuclei. Transgenic plants overexpressing these genes also have large
multibranched trichomes with enlarged nuclei that are highly endoreplicated.
Overexpression of these two genes in yeast resulted in a similar phenotype (Fülöp et al.,
2005). Downregulation of the Medicago truncatula homologue (MtCCS52A1) resulted in
growth inhibition of root nodules and reduced endoreplication (Cebolla et al., 1999;
Vinardell et al., 2003).

The role of ENS2 as an activator of the APC/C in targeting cell cycle regulators
for degradation is important in driving the cell cycle in a unidirectional manner. Evidence
from my research shows that mitotic cyclins and other cell cycle proteins are substrates of
the APC/CCDH1. Plants overexpressing mitotic cyclin B1;1, B1;2, cyclin D4;1, and
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CDKA;1 in wild type background have normal trichomes. However, in ens2-1 mutant
background, these plants have multicellular trichomes indicating that a mutant
ENS2/AtCCS52A1 does not activate the APC/C to target these overexpressed cell cycle
regulators for degradation. Instead, these regulators persist, driving the trichome cell to
undergo mitosis. B-type cyclins are well known for their role in the regulation of the
G2/M transition and there is increasing evidence that some D-type cyclins and CDKA;1
also play a role in the regulation of G2/M too (Sorell et al., 2001; Schnittger et al.,
2002b; Kono et al., 2003; and in this dissertation.
ENS2 overexpression suppresses the sim multicellular and clustering mutant
phenotype, indicating that ENS2 and SIM are both involved in the regulation of the cell
cycle during trichome development. SIM is a CDK inhibitor that binds CYCD/CDK
complexes to inhibit mitosis, and regulates the onset of endoreplication in Arabidopsis
trichomes (Churchman et al., 2006). ENS2 on the other hand activates the APC/C to
target mitotic cyclins for degradation in order for the cell to exit mitosis and enter the
endoreplication cell cycle. My results indicate that ENS2 and SIM proteins probably
function in parallel pathways to regulate the onset of the endoreplication cell cycle during
Arabidopsis trichome cell differentiation. The search for ens2-1phenotypic modifiers may
help identify other players in the regulation of the endoreplication cell cycle that will lead
to a better understanding of the complex plant cell cycle.
The ENS1 gene encodes a protein of unknown function with homologues in Vitis
vinifera and Populus trichocarpa. The ens1-1 mutant phenotype and overexpression
studies show that the ENS1 protein is a positive regulator of trichome branching. The
ens1-1 mutation reduces branching in mutants with increased branching like kak-2, rfi,
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try-JC and gl3-sst indicating these mutants require ENS1 for their supernumerary
branching phenotype.
The genetic interaction between ens1-1 and try-JC revealed that ENS1 regulates
both primary and secondary branching events during trichome development in
Arabidopsis thaliana. This is because the ens1-1 mutant lacks both primary and
secondary branches on almost 80% of the trichomes yet the trichomes have normal
nuclear DNA.
The ens1-1 mutation enhances the sim multicellular trichome phenotype,
suggesting that ENS1 plays a role in cell cycle regulation. The finding that ens1-1 mutant
restricts endoreplication in try-JC mutants indicates that ENS1 probably positively
regulates CYCD/CDK at the G1/S transition in the cell cycle. The ENS1 gene therefore
provides a link between control of cell shape and the cell cycle.
Double mutants between ens1-1 and sti revealed that sti is epistatic to ens1-1 and
therefore ENS1 and STI function in the same pathway to regulate trichome branching.
We also found out that ENS1 and STI gene products physically interact using the yeast
two-hybrid system and in planta split-YFP system. These findings indicate that ENS1 and
STI are both required for trichome cell morphogenesis. Taken together, the results in this
dissertation show that the cell cycle and the cell shape mechanism interact to regulate the
development and differentiation of Arabidopsis trichomes.
A modifier screen for the ens2-1 mutant will help reveal other genes involved in
the regulation of the endoreplication cell cycle during trichome development and hence
shed more light on the overall plant cell cycle regulation. Since the role of ENS1 protein
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is not clear, a search for phenotypic modifiers of ens1-1 may reveal other interactors of
the ENS1 protein and shed more light on its role in trichome cell morphogenesis.
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